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ݴޠਐԽήʔϜʹ͓͚Δதཱ҆ఆઓུͷۉߧબ୒
಺ా ੣ޗɼٶԼ य़थɼ෱ॅ ଟҰ
1 ಋೖ
ܦࡁֶ͸΋ͱΑΓɼ͋ΒΏΔਓจࣾձՊֶͷॾ෼໺ʹ͓͍ͯɼݴޠͱ͍͏΋ͷͷಛ
ੑΛղ໌͢Δ͜ͱͷॏཁੑʹҟ࿦͸ͳ͍Ͱ͋Ζ͏ɽࣾձΛܗ੒͢ΔݸମؒͰͷίϛϡ
χέʔγϣϯߦಈʹ͸ଟ͘ͷ༷͕ࣜ͋ΔɽͦͷதͰɼ౫ଡѹྗʹ͞Β͞Εͳ͕ΒਐԽ
తϓϩηεΛܦͯࣾձʹఆணͨ͠ఆܕతίϛϡχέʔγϣϯߦಈΛɼͦͷࣾձͷݴޠ
ͱ૝ఆͯ͠ΈΔɽ͜ͷݟํʹڌཱͬͯͭݴޠͷਐԽཧ࿦͸ɼͦͷର৅ʹΑͬͯ࣍ͷ 3
ͭʹେผ͞ΕΔɽ1.ಈ෺ͱਓؒͷ۠ผΛ໰Θͳ͍ݸମؒίϛϡχέʔγϣϯͷҰൠత
ͳγεςϜɼ2.ಈ෺͔Βਓؒ΁ͷੜ෺తਐԽʹ൐͏ίϛϡχέʔγϣϯͷ࿈ଓੑͱม
ੑɼͦͯ͠ 3.ಈ෺ʹͳ͍ਓؒݻ༗ͷݴޠͷಛ௃Ͱ͋ΔʢTrapa and Nowak, 2000ʣɽ
զʑ͸ຊ࿦จʹ͓͍ͯɼୈ 1ʹڍ͛ΒΕͨҰൠతͳίϛϡχέʔγϣϯɾγεςϜͷ
ਐԽత҆ఆੑʹ͍ͭͯߟ࡯͢Δɽ*1
ίϛϡχέʔγϣϯɾγεςϜΛήʔϜཧ࿦Ͱදݱͯ͠ΈΑ͏ɽ*2ૹΓखʢsenderʣ
ͱड͚खʢreceiverʣͱݺ͹ΕΔ 2 ਓϓϨΠϠʔ͔ΒͳΔήʔϜΛߟ͑Δɽ͜Ε͸
Sender-Receiver Games ͱ΋ݺ͹ΕΔΫϥεʹଐ͢ΔɽҎ߱ɼզʑ͸͜ΕΛ SR
ήʔϜͱݺͿɽSRήʔϜͷγϯϓϧͳέʔεΛਤ 1ͷήʔϜͷ໦Λ༻͍ͯઆ໌͢Δɽ
զʑ͸ɼ͜ͷγϯϓϧͳέʔεΛΑΓҰൠԽͨ͠ SRήʔϜ͸ୈ 2અͰઆ໌͢Δɽ
·ͣɼૹΓख͔͠؍࡯Ͱ͖ͳ͍ࣄ৅ʢର৅ʣn1 ΋͘͠͸ n2 ͕ى͜Δɽ֤ࣄ৅͸͢
΂ͯ౳֬཰Ͱى͜ΔͱԾఆ͢ΔɽήʔϜͷ໦ͷ N͸ɼࣗવʢnatureʣΛද͢ɽૹΓख
͸؍࡯ͨ͠ࣄ৅ʹΑΓ S1 λΠϓɼS2 λΠϓͱ΋ݺ͹ΕΔɽૹΓख͸ར༻Մೳͳϝο
ηʔδʢه߸ʣm1 ΋͘͠͸m2 ͷ͏͔ͪΒ 1ͭΛબͼɼड͚खʹૹΔɽड͚ख͸ड
*1 ຊ࿦จ͸ۉߧબ୒ͷख๏Λ 2 छྨऔΓ্͍͛ͯΔɽݱࡏɼݴޠਐԽήʔϜཧ࿦ͷݚڀʹ͓͍ͯɼओ
ͳٕज़తைྲྀ͕ͦͷ 2 ͭʹେผ͞ΕΔɽ͕ͨͬͯ͠զʑ͸ɼຊ࿦จ͕͜ͷݚڀ෼໺ʹؔ৺Λ࣋ͭಡ
ऀͷֶशΨΠυϥΠϯͱͯ͠ಡ·ΕΔ͜ͱ΋ظ଴͍ͯ͠Δɽ
*2 Trapa and Nowakʢ2000ʣ͸ɼ͜ͷήʔϜͷਐԽత҆ఆઓུΛίϛϡχέʔγϣϯɾγεςϜͱ
ݺΜͰ͍Δɽຊ࿦จͰ͸ɼʮγεςϜʯ͸ۉߧΛࢦ͢Θ͚Ͱ͸ͳ͘ɼΑΓ޿͍ҙຯͰ༻͍͍ͯΔɽ
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ਤ 1 γϯϓϧͳ SR ήʔϜʢࣄ৅ 2ͭɼϝοηʔδ 2ͭͷέʔεʣ
͚औ֤ͬͨϝοηʔδΛࣄ৅ n1 ΋͘͠͸ n2 ͍ͣΕ͔ͱରԠͤ͞Δɽड͚ख͕ରԠ
ͤͨ͞ࣄ৅ͱɼૹΓख͕؍࡯ͨ͠ࣄ৅͕Ұகͨ͠ͱ͖ͷΈɼ྆ϓϨΠϠʔ͸ͦΕͧΕ
౳͍͠େ͖͞ͷਖ਼ͷརಘʢຊ࿦จͰ͸ 1ͱ͓ͯ͘͠ʣΛಘΔͱ͢Δɽ*3ૹΓख͔͠؍
࡯Ͱ͖ͳ͍ࣄ৅Λɼड͚ख͕ϝοηʔδΛ௨ͯ͠஌Δͱ͖ɼ૒ํʹརӹ͕ੜ·ΕΔί
ϛϡχέʔγϣϯɾγεςϜͰ͋Δɽ͜͜Ͱɼࣄલʹ͸֤ϝοηʔδʹಛఆͷࣄ৅͸
ରԠ͍ͯ͠ͳ͍ɽϝοηʔδ͸୯ͳΔه߸Ͱ͋Δɽ֤ϝοηʔδ͕΋ͭҙຯʢରԠ͢
Δࣄ৅ʣ͸ɼ͋͘·Ͱ΋ήʔϜͷۉߧઓུͰ༩͑ΒΕΔɽ
SRήʔϜΛܗࣜతʹදݱ͢Ε͹ɼૹΓखͷ७ઓུ͸ɼࣄ৅ͷू߹͔Βར༻Մೳͳ
ϝοηʔδू߹΁ͷؔ਺Ͱ͋Γɼड͚खͷ७ઓུ͸ɼϝοηʔδͷू߹͔Βࣄ৅ͷू
߹΁ͷؔ਺Ͱ͋Δɽࠞ߹ઓུ͓ΑͼͦΕʹରԠ͢Δظ଴རಘ͸ɼήʔϜཧ࿦ͷ௨ৗͷ
ࠞ߹֦େʢmixed extensionʣʹΑΔɽ
SRήʔϜͷઓུΛୈ 2અҎ߱Ͱ͸ߦྻΛ༻͍ͯදݱ͢Δɽྫͱͯ͠ɼਤ 1ͷ SR
ήʔϜͰɼૹΓख S1 ͕m2 ΛૹΓɼૹΓख S2 ΋m2 ΛૹΔઓུΛͱΔͱ͢Δɽड͚
ख͸m1 ʹ n1ɼm2 ʹ n2 ΛͦΕͧΕରԠͤ͞Δͱ͢Δɽ͜ͷૹΓखͷઓུͱड͚ख
ͷઓུ͸ɼͦΕͧΕ࣍ͷ 2× 2ߦྻ P,QͰදݱ͞ΕΔɽ
P =
(
0 1
0 1
)
, Q =
(
1 0
0 1
)
ɽ
ߦྻ P ͷୈ 1ߦ͕ S1 ͷ७ઓུΛࣔ͢ɽP ͷ (1, 2)੒෼ 1͕ɼm2 ΛૹΔ͜ͱΛද͠
*3 ίϛϡχέʔγϣϯ͕੒ޭͨ͠ͱ͖ɼૹΓखͱड͚ख͸ͱ΋ʹಉ͚ͩ͡ঢ়ଶ͕ྑ͘ͳΔɽ͕ͨͬ͠
ͯɼ྆ऀͷؒʹར֐ରཱͷͳ͍ίϛϡχέʔγϣϯΛզʑ͸ߟ࡯͍ͯ͠Δ͜ͱʹͳΔɽ
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ਤ 1 γϯϓϧͳ SR ήʔϜʢࣄ৅ 2ͭɼϝοηʔδ 2ͭͷέʔεʣ
͚औ֤ͬͨϝοηʔδΛࣄ৅ n1 ΋͘͠͸ n2 ͍ͣΕ͔ͱରԠͤ͞Δɽड͚ख͕ରԠ
ͤͨ͞ࣄ৅ͱɼૹΓख͕؍࡯ͨ͠ࣄ৅͕Ұகͨ͠ͱ͖ͷΈɼ྆ϓϨΠϠʔ͸ͦΕͧΕ
౳͍͠େ͖͞ͷਖ਼ͷརಘʢຊ࿦จͰ͸ 1ͱ͓ͯ͘͠ʣΛಘΔͱ͢Δɽ*3ૹΓख͔͠؍
࡯Ͱ͖ͳ͍ࣄ৅Λɼड͚ख͕ϝοηʔδΛ௨ͯ͠஌Δͱ͖ɼ૒ํʹརӹ͕ੜ·ΕΔί
ϛϡχέʔγϣϯɾγεςϜͰ͋Δɽ͜͜Ͱɼࣄલʹ͸֤ϝοηʔδʹಛఆͷࣄ৅͸
ରԠ͍ͯ͠ͳ͍ɽϝοηʔδ͸୯ͳΔه߸Ͱ͋Δɽ֤ϝοηʔδ͕΋ͭҙຯʢରԠ͢
Δࣄ৅ʣ͸ɼ͋͘·Ͱ΋ήʔϜͷۉߧઓུͰ༩͑ΒΕΔɽ
SRήʔϜΛܗࣜతʹදݱ͢Ε͹ɼૹΓखͷ७ઓུ͸ɼࣄ৅ͷू߹͔Βར༻Մೳͳ
ϝοηʔδू߹΁ͷؔ਺Ͱ͋Γɼड͚खͷ७ઓུ͸ɼϝοηʔδͷू߹͔Βࣄ৅ͷू
߹΁ͷؔ਺Ͱ͋Δɽࠞ߹ઓུ͓ΑͼͦΕʹରԠ͢Δظ଴རಘ͸ɼήʔϜཧ࿦ͷ௨ৗͷ
ࠞ߹֦େʢmixed extensionʣʹΑΔɽ
SRήʔϜͷઓུΛୈ 2અҎ߱Ͱ͸ߦྻΛ༻͍ͯදݱ͢Δɽྫͱͯ͠ɼਤ 1ͷ SR
ήʔϜͰɼૹΓख S1 ͕m2 ΛૹΓɼૹΓख S2 ΋m2 ΛૹΔઓུΛͱΔͱ͢Δɽड͚
ख͸m1 ʹ n1ɼm2 ʹ n2 ΛͦΕͧΕରԠͤ͞Δͱ͢Δɽ͜ͷૹΓखͷઓུͱड͚ख
ͷઓུ͸ɼͦΕͧΕ࣍ͷ 2× 2ߦྻ P,QͰදݱ͞ΕΔɽ
P =
(
0 1
0 1
)
, Q =
(
1 0
0 1
)
ɽ
ߦྻ P ͷୈ 1ߦ͕ S1 ͷ७ઓུΛࣔ͢ɽP ͷ (1, 2)੒෼ 1͕ɼm2 ΛૹΔ͜ͱΛද͠
*3 ίϛϡχέʔγϣϯ͕੒ޭͨ͠ͱ͖ɼૹΓखͱड͚ख͸ͱ΋ʹಉ͚ͩ͡ঢ়ଶ͕ྑ͘ͳΔɽ͕ͨͬ͠
ͯɼ྆ऀͷؒʹར֐ରཱͷͳ͍ίϛϡχέʔγϣϯΛզʑ͸ߟ࡯͍ͯ͠Δ͜ͱʹͳΔɽ
͍ͯΔɽߦྻ P ͷୈ 2ߦ͕ S2 ͷ७ઓུΛࣔ͢ɽ(2, 2)੒෼͕̍ɼm2 ΛૹΔ͜ͱΛ
ද͍ͯ͠ΔɽߦྻQͷୈ 1ߦ͕m1 Λड͚औͬͨड͚खͷ७ઓུΛࣔ͢ɽQͷ (1, 1)
੒෼ 1͕ɼm1 Λ n1 ʹରԠͤ͞Δ͜ͱΛද͍ͯ͠Δɽߦྻ Qͷୈ 2ߦ͕m2 Λड͚
औͬͨड͚खͷ७ઓུΛࣔ͢ɽ(2, 2)੒෼͕̍ɼm2 Λ n2 ʹରԠͤ͞Δ͜ͱΛදͯ͠
͍Δɽ͜ͷ P ͱ QΛ૊Έ߹Θͤͨͱ͖ɼήʔϜͷ݁Ռʹ͓͚Δ֤ϓϨΠϠʔͷརಘ
͸ɼ࣍ͷΑ͏ʹߦྻͷੵ PQͷର֯੒෼ͷ࿨ʢtraceʣͱͯ͠ܭࢉ͢Δ͜ͱ͕Ͱ͖Δɽ
tr(PQ) = tr
(
0 1
0 1
)
= 0 + 1 = 1ɽ
͜ͷ SR ήʔϜ͸ૹΓखͱड͚खͷؒͰઓུू߹͕ҟͳΔඇରশήʔϜͰ͋Δɽ
զʑ͸͜ͷ SR ήʔϜΛϓϨΠ͢ΔϓϨΠϠʔୡ͔ΒͳΔϓϨΠϠʔूஂΛ૝ఆ͢
Δɽ֤ϓϨΠϠʔ͸ूஂͷଞͷϓϨΠϠʔͱϥϯμϜʹ૊ͱͳͬͯ SRήʔϜΛϓϨ
Π͢Δɽʢ͜ΕΛϥϯμϜϚονϯάͰϓϨΠ͢Δͱݴ͏ɽʣͦͷࡍɼ֤ϓϨΠϠʔ͸
֬཰ 12 ͰૹΓख΋͘͠͸ड͚खͷ໾ׂʹͳΔͱ͠Α͏ɽ͢Δͱɼ֤ϓϨΠϠʔͷઓུ
͸ɼૹΓखͱͯ͠ͷઓུ P ͱड͚खͱͯ͠ͷઓུ Qͷ૊ (P,Q)ͱ͢Δͷ͕ࣗવͰ͋
Ζ͏ɽ͜͏ͯ͠ɼͲͷϓϨΠϠʔʹͱͬͯ΋ઓུू߹͕౳͘͠རಘؔ਺΋౳͍͠ରশ
SRήʔϜΛ૝ఆ͢Δ͜ͱͱͳΔɽ
ΑΓҰൠతͳ SRήʔϜͰ΋ɼࣄ৅ͱϝοηʔδͷू߹͸ɼͱ΋ʹ༗ݶू߹ͱ͢Δɽ
Αͬͯࠞ߹֦େ͞Εͨରশ SR ήʔϜ͸φογϡۉߧ఺Λ΋ͭɽ͔͠͠ɼ͜ͷφο
γϡۉߧ఺͸ɼҰൠʹ͸ແݶݸଘࡏ͢Δ͜ͱ͕஌ΒΕ͍ͯΔɽͦ͜ͰਐԽήʔϜཧ࿦
ʹΑΔۉߧબ୒͕ࢼΈΒΕΔɽͦͷਐԽήʔϜཧ࿦ͷదԠಈֶͰબ୒͞ΕΔφογϡ
ۉߧઓུ͕ɼͦͷϓϨΠϠʔूஂ಺ʹఆண͢ΔίϛϡχέʔγϣϯɾγεςϜͱղऍ
͞ΕΔɽ*4
Trapa and Nowak (2000) ͸ɼ͜ͷରশ SRήʔϜͰਐԽత҆ఆઓུʢEvolution-
arily Stable StrategyʀҎ߱ ESSͱදه͢Δʣ͕ଘࡏ͢Δඞཁे෼৚݅͸ɼࣄ৅ͷू
߹ͱϝοηʔδͷू߹͕ಉ͡αΠζͰ͋Δ͜ͱΛ͍ࣔͯ͠ΔɽPawlowitsch (2008)
͸ɼ͜ͷରশ SR ήʔϜͷதཱ҆ఆઓུ (Neutrally Stable StrategyʀҎ߱ NSS ͱ
දه͢Δ) ͷৄࡉͳಛ௃͚ͮΛߦ͍ͬͯΔɽ͜ΕΒͷۉߧઓུͷ֓೦͸ɼूஂʹ૝ఆ
͞ΕΔదԠಈֶͱີ઀ͳؔ܎͕͋Δɽಈֶͷঢ়ଶۭؒΛϓϨΠϠʔूஂʹ͓͚Δઓ
ུͷ෼෍ͱ͠Α͏ɽ*5͜ͷঢ়ଶ্ۭؒͰɼ࣍ͷΑ͏ͳ࿈ଓ࣌ؒͷಈֶΛ૝ఆͯ͠ΈΔɽ
֤࣌ؒ tʹ͓͍ͯɼϓϨΠϠʔͲ͏͠ͷϥϯμϜϚονϯάʹΑΔฏۉརಘΑΓߴ͍
རಘΛ΋ͨΒ͢ઓུ͸ूஂதͰ૿Ճ͠ɼϥϯμϜϚονϯάʹΑΔฏۉརಘΑΓ௿͍
*4 ݴޠΛήʔϜͷφογϡۉߧ఺ͱͯ͠ղऍͨ͠ઌۦతݚڀͱͯ͠ Lewis (1969) ͕͋Δɽ
*5 ઓུͷ෼෍ͱରশ SRήʔϜͷࠞ߹ઓུ͸ಉҰࢹͰ͖Δ͜ͱʹ஫ҙ͓ͯ͘͠ɽ
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རಘΛ΋ͨΒ͢ઓུ͸ूஂதͰݮগ͢ΔͱԾఆ͢Δɽ͜ͷదԠաఔϞσϧΛϨϓϦ
έʔλʔಈֶͱݺͿɽESS͸ϨϓϦέʔλʔಈֶͷ઴ۙ҆ఆ఺Ͱ͋ΓɼNSS͸͜ͷ
ಈֶͷϦΞϓϊϑ҆ఆঢ়ଶʹରԠ͢Δ͜ͱ͕஌ΒΕ͍ͯΔɽ઴ۙ҆ఆঢ়ଶͷۙ͘Λॳ
ظঢ়ଶͱ͢Δ͜ͷಈֶͷঢ়ଶ͸ɼͦͷޙɼݶΓͳͦ͘ͷ઴ۙ҆ఆঢ়ଶʹۙͮ͘ɽϦΞ
ϓϊϑ҆ఆঢ়ଶͷۙ͘Λॳظঢ়ଶͱ͢Δ͜ͷಈֶͷঢ়ଶ͸ɼͦͷޙɼϦΞϓϊϑ҆ఆ
ঢ়ଶͷۙ͘ʹཹ·Δɽ͕ͨͬͯ͠઴ۙ҆ఆͳΒ͹ϦΞϓϊϑ҆ఆͰ͋Γɼٯ͸੒ཱ͠
ͳ͍ɽ
ࣄ৅ͷू߹ͱϝοηʔδͷू߹͕ҟͳΔαΠζͰ͋Δ৔߹ɼESS ͸ଘࡏ͠ͳ͍͕
NSS͸ଘࡏ͠ಘΔɽͨͩ͠ୈ 2અͰݟΔΑ͏ʹɼNSSͷू߹͸ແݶݸͷཁૉ͔Βͳ
Δɽզʑ͸ ESSΛ΋ͨͳ͍͕ແݶݸͷ NSSΛ΋ͭ 2ࣄ৅ɾ3ϝοηʔδͷ SRήʔ
ϜΛूதతʹௐ΂Δɽ֤ NSS ͸ϨϓϦέʔλʔಈֶͰ͸ϦΞϓϊϑ҆ఆతͰ͋Δɽ
NSS ͷ͏͔ͪΒۉߧΛબ୒͢ΔͨΊʹɼզʑ͸௨ৗͷϨϓϦέʔλʔಈֶͱ͸ҟͳ
ΔదԠաఔΛ૝ఆ͠ɼͦͷաఔͷऩଋઌͱͯ͠ग़ݱ͢Δ NSSΛௐ΂Δɽ
·ͣɼ௨ৗͷ࿈ଓ࣌ؒϨϓϦέʔλʔํఔࣜʹͲͷ࣌ؒ t Ͱ΋ಥવมҟ͕Ұఆͷ
ඍখ֬཰Ͱى͜Δ߲ΛՃ͑ͨ౫ଡɾಥવมҟಈֶʢselection mutation dynamicsʣ
ʢHofbauer, 1985ʣʹΑΔۉߧબ୒Λݕ౼͢Δɽಛʹɼࣄ৅ 2ͭɾϝοηʔδ̏ͭͱ
͍͏ ESS͕ͳ͍ήʔϜɾΫϥεͷྫʹ͓͚Δ NSSΛௐ΂Δɽͦ͜Ͱແݶݸͷ࿈݁͠
ͨ NSSͷ͏͔ͪΒɼಥવมҟͷ֬཰͝ͱʹ౫ଡɾಥવมҟಈֶͷ઴ۙ҆ఆ఺ͱͯ͠
ઓུ͕ 1 ͚ͭͩબ୒͞ΕΔ͜ͱ͕൑໌͢Δɽ͜Ε͸ɼಥવมҟͷ֬཰͕θϩʹऩଋ
͢Δͱ͖ɼ઴ۙ҆ఆͳ NSSͷऩଋઌͱͯ͠ͷઓུ͕ 1͚ͭͩબ୒͞ΕΔ͜ͱ΋ؚҙ
͢Δɽ
ଓ͘અͰ͸ɼ2 ࣄ৅ɾ3 ϝοηʔδͷ SR ήʔϜ͔Β 2 छྨͷ NSS ΛϐοΫΞο
ϓͯ͠Ϛονϯάͤ͞ɼ࣍ͷΑ͏ͳ౫ଡϓϩηεͰൺֱ͢Δɽ༗ݶਓ਺ͷϓϨΠϠʔ
ूஂΛ૝ఆ͢Δɽ͜ΕΒͷ͏ͪͷҰํͷ NSSΛͱ͍ͬͯΔਓ਺Λঢ়ଶۭؒͱ͠ɼ཭
ࢄ࣌ؒͷग़ੜࢮ๢աఔΛߟ͑Δɽ͜Ε͸֬཰աఔͰ͋ΓɼਪҠߦྻͰදݱ͞ΕΔɽਪ
Ҡߦྻ͕ɼຖظͷूஂ಺ͷϥϯμϜϚονϯάʹΑΔظ଴རಘͷେ͖͞ʹґଘ͢Δ
΋ͷΛස౓ґଘͷग़ੜࢮ๢աఔʢfrequency-dependent birth-death process; Nowak
et al., 2004ʣͱݺͿɽ·ͨਪҠߦྻ͕ɼήʔϜͷརಘʹґଘ͠ͳ͍΋ͷΛதཱతු
ಈ (neutral drift)ͱݺͿɽॳظঢ়ଶͱͯ͠ɼҰํͷઓུΛͱ͍ͬͯΔϓϨΠϠʔ਺͕
1Ͱ͋Δ৔߹Λߟ͑Δɽ͜Ε͸ɼશһ͕΋͏ҰํͷઓུΛͱ͍ͬͯΔूஂʹɼ1ਓͷ
ಥવมҟ͕৵ೖ͢Δͱߟ͑Ε͹Α͍ɽ͔ͦ͜Βग़ੜࢮ๢աఔʹ͕͍ͨ͠ɼूஂશһ͕
ͦͷಥવมҟͰੜ·ΕͨઓུΛͱΔΑ͏ʹͳΔ֬཰Λݻఆ֬཰ͱݺͿɽස౓ґଘͷग़
ੜࢮ๢աఔͰͷݻఆ֬཰͕ɼதཱతුಈͷݻఆ֬཰ΑΓߴ͍ઓུΛɼզʑ͸౫ଡʹ͓
͍ͯ༗རͰ͋Δͱߟ͑Δɽ͜ͷग़ੜࢮ๢աఔʹΑΔબ୒Λݕ౼͢Δͱɼ࣍ͷΑ͏ͳ݁
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རಘΛ΋ͨΒ͢ઓུ͸ूஂதͰݮগ͢ΔͱԾఆ͢Δɽ͜ͷదԠաఔϞσϧΛϨϓϦ
έʔλʔಈֶͱݺͿɽESS͸ϨϓϦέʔλʔಈֶͷ઴ۙ҆ఆ఺Ͱ͋ΓɼNSS͸͜ͷ
ಈֶͷϦΞϓϊϑ҆ఆঢ়ଶʹରԠ͢Δ͜ͱ͕஌ΒΕ͍ͯΔɽ઴ۙ҆ఆঢ়ଶͷۙ͘Λॳ
ظঢ়ଶͱ͢Δ͜ͷಈֶͷঢ়ଶ͸ɼͦͷޙɼݶΓͳͦ͘ͷ઴ۙ҆ఆঢ়ଶʹۙͮ͘ɽϦΞ
ϓϊϑ҆ఆঢ়ଶͷۙ͘Λॳظঢ়ଶͱ͢Δ͜ͷಈֶͷঢ়ଶ͸ɼͦͷޙɼϦΞϓϊϑ҆ఆ
ঢ়ଶͷۙ͘ʹཹ·Δɽ͕ͨͬͯ͠઴ۙ҆ఆͳΒ͹ϦΞϓϊϑ҆ఆͰ͋Γɼٯ͸੒ཱ͠
ͳ͍ɽ
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NSS͸ଘࡏ͠ಘΔɽͨͩ͠ୈ 2અͰݟΔΑ͏ʹɼNSSͷू߹͸ແݶݸͷཁૉ͔Βͳ
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ΔదԠաఔΛ૝ఆ͠ɼͦͷաఔͷऩଋઌͱͯ͠ग़ݱ͢Δ NSSΛௐ΂Δɽ
·ͣɼ௨ৗͷ࿈ଓ࣌ؒϨϓϦέʔλʔํఔࣜʹͲͷ࣌ؒ t Ͱ΋ಥવมҟ͕Ұఆͷ
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͍͏ ESS͕ͳ͍ήʔϜɾΫϥεͷྫʹ͓͚Δ NSSΛௐ΂Δɽͦ͜Ͱແݶݸͷ࿈݁͠
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͢Δͱ͖ɼ઴ۙ҆ఆͳ NSSͷऩଋઌͱͯ͠ͷઓུ͕ 1͚ͭͩબ୒͞ΕΔ͜ͱ΋ؚҙ
͢Δɽ
ଓ͘અͰ͸ɼ2 ࣄ৅ɾ3 ϝοηʔδͷ SR ήʔϜ͔Β 2 छྨͷ NSS ΛϐοΫΞο
ϓͯ͠Ϛονϯάͤ͞ɼ࣍ͷΑ͏ͳ౫ଡϓϩηεͰൺֱ͢Δɽ༗ݶਓ਺ͷϓϨΠϠʔ
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΋ͷΛස౓ґଘͷग़ੜࢮ๢աఔʢfrequency-dependent birth-death process; Nowak
et al., 2004ʣͱݺͿɽ·ͨਪҠߦྻ͕ɼήʔϜͷརಘʹґଘ͠ͳ͍΋ͷΛதཱతු
ಈ (neutral drift)ͱݺͿɽॳظঢ়ଶͱͯ͠ɼҰํͷઓུΛͱ͍ͬͯΔϓϨΠϠʔ਺͕
1Ͱ͋Δ৔߹Λߟ͑Δɽ͜Ε͸ɼશһ͕΋͏ҰํͷઓུΛͱ͍ͬͯΔूஂʹɼ1ਓͷ
ಥવมҟ͕৵ೖ͢Δͱߟ͑Ε͹Α͍ɽ͔ͦ͜Βग़ੜࢮ๢աఔʹ͕͍ͨ͠ɼूஂશһ͕
ͦͷಥવมҟͰੜ·ΕͨઓུΛͱΔΑ͏ʹͳΔ֬཰Λݻఆ֬཰ͱݺͿɽස౓ґଘͷग़
ੜࢮ๢աఔͰͷݻఆ֬཰͕ɼதཱతුಈͷݻఆ֬཰ΑΓߴ͍ઓུΛɼզʑ͸౫ଡʹ͓
͍ͯ༗རͰ͋Δͱߟ͑Δɽ͜ͷग़ੜࢮ๢աఔʹΑΔબ୒Λݕ౼͢Δͱɼ࣍ͷΑ͏ͳ݁
Ռ͕ݟग़͞ΕΔɽ࢖ΘΕͳ͍ϝοηʔδ͕͋Δ NSSͲ͏͕͠Ϛονϯά͢ΔूஂͰ
͸ɼ͍ͣΕͷઓུ΋༗རͱ͸ݴ͑ͳ͍৔߹͕͋Δɽ·ͨɼ࢖ΘΕͳ͍ϝοηʔδ͕͋
Δ NSSͱɼҰ෦ͷϝοηʔδΛ֬཰తʹࠞ߹ͯ͠ɼ͢΂ͯͷϝοηʔδΛ࢖͏ NSS
͕Ϛονϯά͢ΔूஂͰ͸ɼޙऀ͕༗རʹͳΔ৔߹͕͋Δɽ
ຊ࿦จͷߏ੒͸࣍ͷ௨ΓͰ͋Δɽଓ͘ୈ 2અͰ͸ɼPawlowitsch (2008) ͷه๏ʹ
ґڌͯ͠ SRήʔϜɾϞσϧΛఆࣜԽ͠ɼઌߦݚڀʹج͍ͮͯ͜ͷήʔϜͷۉߧͷಛ
௃ΛྫΛڍ͛ͳ͕Βઆ໌͢Δɽଓ͚ͯɼզʑ͕ؔ৺ΛدͤΔ 2ࣄ৅ɾ3ϝοηʔδͷ
Ϋϥεͷ NSSͷ੩ֶతͳಛ௃͚ͮΛߦ͏ɽୈ 3અͰ͸ྫΛ༻͍ͯ౫ଡɾಥવมҟಈ
ֶʹΑͬͯதཱ҆ఆઓུͷू߹͔Β 1ͭͷઓུ͕બ୒͞ΕΔ͜ͱΛݕ౼͍ͯ͠Δɽୈ
4અͰ͸ྫΛ༻͍ͯϓϨΠϠʔ਺͕༗ݶͰ͋Δग़ੜࢮ๢աఔʹجͮ͘౫ଡϓϩηεͰ
༗རʹͳΔ NSS ͷ৚݅Λௐ΂͍ͯΔɽୈ 5 અ͸·ͱΊͱࠓޙͷݚڀͷల๬Ͱ͋Δɽ
࠷ޙʹ෇࿥ͱͯ͠ɼස౓ґଘͷग़ੜࢮ๢աఔͷਪҠ֬཰ߦྻͷఆࣜԽͱɼͦΕʹجͮ
͘ݻఆ֬཰ͷಋग़ํ๏Λઆ໌͢Δɽ
2 Ϟσϧ
2.1 SRήʔϜ
ૹΓखʢsenderʣͱड͚खʢreceiverʣ͔ΒͳΔ 2ਓήʔϜΛ૝ఆ͢ΔɽૹΓखʹ
ͷΈ؍࡯͞ΕΔࣄ৅͕ nछྨ͋ΓɼૹΓख͕ड͚खʹૹΔ͜ͱ͕Ͱ͖Δϝοηʔδ͕
mछྨ͋Δͱ͢ΔɽૹΓखͷ७ઓུ͸ɼߦྻ
P ∈ Pn×m = {P ∈ Rn×m+ : ∀i, ∃!j = j′(i), pij = 1 and ∀j ̸= j′(i), pij = 0}
Ͱද͞ΕΔɽߦྻ੒෼ pij = 1 Ͱ͋Ε͹ɼ͜ͷߦྻͷୈ i ߦ͸ૹΓख͕ࣄ৅ i ∈
{1, 2, . . . , n}Λ؍࡯ͨ͠ͱ͖ɼϝοηʔδ j ∈ {1, 2, . . . ,m}ΛૹΔہॴઓུΛද͢ɽ
ड͚खͷ७ઓུ͸ɼߦྻ
Q ∈ Qm×n = {Q ∈ Rm×n+ : ∀j, ∃!i = i′(j), qji = 1 and ∀i ̸= i′(j), qji = 0}
Ͱද͞ΕΔɽߦྻ੒෼ qji = 1 Ͱ͋Ε͹ɼ͜ͷߦྻͷୈ j ߦ͸ड͚ख͕ϝοηʔδ
j ∈ {1, 2, . . . ,m}Λड͚औͬͨͱ͖ɼͦΕʹࣄ৅ i ∈ {1, 2, . . . , n}ΛରԠͤ͞Δہॴ
ઓུΛද͢ɽ
ૹΓखɼड͚खͷརಘؔ਺ pi(P,Q)͸ɼͱ΋ʹ࣍Ͱ༩͑ΒΕΔɽ
pi(P,Q) = tr(PQ) =
n∑
i=1
m∑
j=1
pijqji.
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pijqji = 1Ͱ͋Ε͹ɼࣄ৅ i͕ૹΓखʹ؍࡯͞Εͨͱ͖ɼϝοηʔδ j Λհͯͦ͠ͷ
ࣄ৅ͷੜى͕ड͚खʹೝࣝ͞ΕΔ͜ͱΛҙຯ͢ΔɽҎ্Ͱఆٛ͞ΕΔήʔϜΛඇରশ
SRήʔϜͱݺͿɽ
ϓϨΠϠʔूஂ಺Ͱͷίϛϡχέʔγϣϯʹ͓͍ͯɼ֤ϓϨΠϠʔ͸ૹΓखʹ΋
ड͚खʹ΋ͳΓ͑Δͱ૝ఆ͢Δͷ͸ࣗવͰ͋Δɽͦ͜Ͱɼ֤ϓϨΠϠʔͷઓུ͸ૹ
Γखͱͯ͠ͷઓུ P ͱड͚खͱͯ͠ͷઓུ Q ͷ૊ (P,Q) ∈ Pn×m × Qm×n ͱ͢
Δɽઓུ (P,Q) ΛͱΔϓϨΠϠʔͱઓུ (P ′, Q′) ΛͱΔϓϨΠϠʔ͕ϓϨΠϠʔ
ूஂ಺ʹ͍Δͱ͖ɼ͜ΕΒͷઓུΛ΋ͭϓϨΠϠʔ͕ޓ͍ͷઓུ͔ΒಘΔظ଴རಘ
F [(P,Q), (P ′, Q′)]͸
F [(P,Q), (P ′, Q′)] =
1
2
tr(PQ′) +
1
2
tr(P ′Q)
Ͱ༩͑ΒΕΔͱ͢Δɽ͜Ε͸֤ϓϨΠϠʔ͕ίϛϡχέʔγϣϯΛ͢ΔࡍʹૹΓखɼ
ड͚खͷ໾ׂʹͳΔ֬཰͕౳͍͠ͱԾఆ͍ͯ͠Δɽ͜ͷΑ͏ʹ͢Δͱूஂ಺ͷ͢΂ͯ
ͷϓϨΠϠʔʹͱͬͯઓུू߹͕౳͘͠ɼརಘؔ਺΋ରশతͱͳΔɽ͜ͷήʔϜΛର
শ SRήʔϜͱݺͿɽ
ϓϨΠϠʔूஂΛ૝ఆ͢Δɽઓུ (Pl, Ql) ∈ Pn×m × Qm×n ΛͱΔϓϨΠϠʔͷ
ׂ߹Λ xl Ͱද͢ɽ͢Δͱ͜ͷϓϨΠϠʔूஂͷঢ়ଶʢstate of the populationʣ͸࣍
ͷϕΫτϧ xͰ༩͑ΒΕΔɽ
x = (x1, . . . , xl, . . . , xL) ∈ SL = {x ∈ RL+ :
L∑
l=1
xl = 1}
֤ঢ়ଶ x ∈ SL ͷฏۉઓུ͸ɼ(P¯x, Q¯x) =
∑L
l=1 xl(Pl, Ql)Ͱ͋ΓɼߦྻͷܗͰද
ه͢Δͱɼ
(P¯x, Q¯x) =


p¯11 · · · p¯1j . . . p¯1m
...
...
...
p¯i1 · · · p¯ij . . . p¯im
...
...
...
p¯n1 · · · p¯nj . . . p¯nm
 ,

q¯11 · · · q¯1i . . . q¯1n
...
...
...
q¯j1 · · · q¯ji . . . q¯jn
...
...
...
q¯m1 · · · q¯mi . . . q¯mn

 .
͜͜Ͱɼp¯ij =
∑
l:plij=1
xl ͔ͭ q¯ji =
∑
l:qlji=1
xl Ͱ͋Δɽ໌Β͔ʹߦྻ P¯x, Q¯x ͸ɼ
ͱ΋ʹ֬཰ߦྻͱͳΔɽ͢ͳΘͪ ∀i,∑mj=1 pij = 1 ͔ͭ ∀j,∑ni=1 qji = 1 ͕੒Γ
ཱͭɽ
͜ͷΑ͏ͳ֬཰ߦྻͷू߹Λ P△n×m = {P ∈ Rn×m+ :
∑m
j=1 pij = 1}ɼQ△m×n =
{Q ∈ Rm×n+ :
∑n
j=1 qji = 1} ͱද͢ͱ͠Α͏ɽ͢ΔͱɼΓn,m = {P△n×m ×
 言語進化ゲームにおける中立安定戦略の均衡選択 127
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x = (x1, . . . , xl, . . . , xL) ∈ SL = {x ∈ RL+ :
L∑
l=1
xl = 1}
֤ঢ়ଶ x ∈ SL ͷฏۉઓུ͸ɼ(P¯x, Q¯x) =
∑L
l=1 xl(Pl, Ql)Ͱ͋ΓɼߦྻͷܗͰද
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p¯11 · · · p¯1j . . . p¯1m
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...
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p¯i1 · · · p¯ij . . . p¯im
...
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q¯11 · · · q¯1i . . . q¯1n
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
 .
͜͜Ͱɼp¯ij =
∑
l:plij=1
xl ͔ͭ q¯ji =
∑
l:qlji=1
xl Ͱ͋Δɽ໌Β͔ʹߦྻ P¯x, Q¯x ͸ɼ
ͱ΋ʹ֬཰ߦྻͱͳΔɽ͢ͳΘͪ ∀i,∑mj=1 pij = 1 ͔ͭ ∀j,∑ni=1 qji = 1 ͕੒Γ
ཱͭɽ
͜ͷΑ͏ͳ֬཰ߦྻͷू߹Λ P△n×m = {P ∈ Rn×m+ :
∑m
j=1 pij = 1}ɼQ△m×n =
{Q ∈ Rm×n+ :
∑n
j=1 qji = 1} ͱද͢ͱ͠Α͏ɽ͢ΔͱɼΓn,m = {P△n×m ×
Q△m×n, F [(P,Q), (P ′, Q′)]} ͸ɼରশ SR ήʔϜͷࠞ߹֦େ͞ΕͨήʔϜͱղऍ͢
Δ͜ͱ΋Ͱ͖Δɽ
2.2 ۉߧ
B(P ) ͱ B(Q) Λɼඇରশ SR ήʔϜʹ͓͚Δઓུ PɼQ ͦΕͧΕʹର͢Δ࠷ద
൓Ԡͷू߹ͱ͢Δɽ͢ͳΘͪɼB(P ) = {Q ∈ Q△m×n : tr(PQ) ≥ tr(PQ′) ∀Q′ ∈
Q△m×n}ɼB(Q) = {P ∈ P△n×m : tr(PQ) ≥ tr(P ′Q) ∀P ′ ∈ P△n×m}Ͱ͋Δɽઓུͷ
૊ (P,Q) ∈ P△n×m ×Q△m×n ͕ରশ SRήʔϜ Γn,m ͷφογϡۉߧઓུͰ͋Δ͜ͱ
ͷඞཁे෼৚͕݅ɼP,Q͕ޓ͍ʹඇରশ SRήʔϜͷ࠷ద൓Ԡͷ૊Ͱ͋Δ͜ͱʢ͢ͳ
Θͪɼ P ∈ B(Q)͔ͭ Q ∈ B(P )ʣͰ͋Δ͜ͱ͸ࣗ໌Ͱ͋Ζ͏ɽ͜Εͱิ୊ 1Λ༻
͍ΔͱɼφογϡۉߧઓུͰ͋Δ͔Ͳ͏͔Λ༰қʹ֬ೝ͢Δ͜ͱ͕Ͱ͖Δɽ
ิ୊ 1. ࠷ద൓Ԡͷಛ௃ʢPawlowitsch, 2008ʣ
(i) Q ∈ B(P )ͳΒ͹ɼ
∑
i∈argmaxi(pij∗ )
qj∗i = 1͔ͭ qj∗i = 0 ∀i /∈ argmaxi(pij∗);
(ii) P ∈ B(Q)ͳΒ͹ɼ
∑
j∈argmaxi(qji∗ )
pi∗j = 1͔ͭ pi∗j = 0 ∀j /∈ argmaxj(qji∗).
· φογϡۉߧઓུͷྫ (P,Q)
P =

1 0 0
0 1− x x
1 0 0
 , Q =

1− y 0 y
0 1 0
0 1 0
 , x, y ∈ [0, 1].
͜ͷྫ͔ΒɼҰൠʹφογϡۉߧ͸ແݶݸଘࡏ͢Δ͜ͱ͕ཧղͰ͖Α͏ɽ
· φογϡۉߧઓུͷྫ (P,Q)
P =

1 0 0
0 0 1
1 0 0
 , Q =

0 0 1
0 1 0
0 1 0

͜ͷྫ͔ΒɼθϩྻΛ΋ͭઓུ΋φογϡۉߧʹͳΓ͑Δ͜ͱ͕Θ͔ΔɽͲΜͳࣄ
৅Ͱ΋࢖༻͞Εͳ͍ϝοηʔδ΍ɼͲΜͳϝοηʔδΛड͚ͯ΋ड͚ख͕ೝࣝ͠ͳ
͍ࣄ৅͕ଘࡏ͢ΔφογϡۉߧͰ͋Δɽφογϡۉߧઓུ͸ແݶ͋ΔͷͰɼ࣍ͷΑ
͏ͳ֓೦Ͱۉߧબ୒ΛࢼΈΔͷ͸ࣗવͰ͋Δɽઓུ (P,Q) ∈ P△n×m ×Q△m×n ͕࣍Λ
ຬͨ͢ͱ͖ਐԽత҆ఆઓུʢESSʣͱݺ͹ΕΔɽ(i) (P,Q) ͕φογϡઓུͰ͋Γɼ
(ii) ͋Δઓུ (P ′, Q′) ∈ P△n×m ×Q△m×n\{(P,Q)}͕ଘࡏͯ͠ F [(P ′, Q′), (P,Q)] =
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F [(P,Q), (P,Q)]ͳΒ͹ɼF [(P,Q), (P ′, Q′)] > F [(P ′, Q′), (P ′, Q′)]. ఆཧ 1͸ରশ
SRήʔϜʹ͓͚Δ ESSͷಛ௃͚ͮͱͯ͠ͷجຊఆཧͱݴ͑Α͏ɽ
ఆཧ 1. (Trapa and Nowak, 2000) (P,Q)͕ήʔϜ Γn,m ͷ ESSͰ͋Δ͜ͱͷඞཁ
े෼৚݅͸ɼP ͕ஔ׵ߦྻͰ͋Γɼ͔ͭ Q͕ P ͷసஔߦྻͰ͋Δ͜ͱͰ͋Δɽ
· ESSͷྫ (P,Q)
P =

0 1 0
1 0 0
0 0 1
 , Q =

0 1 0
1 0 0
0 0 1

ఆཧ 1͔ΒɼήʔϜ Γn,m ʹ ESS͕ଘࡏ͢ΔͨΊʹ͸ɼP,Q͸ͱ΋ʹಉ͡αΠζͷ
ਖ਼ํߦྻͰ͋Δ͜ͱɼͭ·Γ n = m͕ඞཁͰ͋Δ͜ͱ͕௚ͪʹ൑໌͢Δɽn ̸= mͷ
৔߹Ͱ΋ଘࡏ͢Δͷ͕࣍ͷதཱ҆ఆઓུͰ͋Δɽ
ఆٛ 1. ઓུ (P,Q) ∈ P△n×m ×Q△m×n ͕࣍Λຬͨ͢ͱ͖தཱ҆ఆઓུʢNSSʣͱݺ
͹ΕΔɽ
(i) (P,Q)͕φογϡઓུͰ͋Γɼ
(ii) ͋Δઓུ (P ′, Q′) ∈ P△n×m ×Q△m×n\{(P,Q)}͕ଘࡏͯ͠ F [(P ′, Q′), (P,Q)] =
F [(P,Q), (P,Q)]ͳΒ͹ɼF [(P,Q), (P ′, Q′)] ≥ F [(P ′, Q′), (P ′, Q′)].
ఆཧ 2͸ରশ SRήʔϜʹ͓͚Δ NSSͷಛ௃͚ͮͱͯ͠ͷجຊఆཧͱݴ͑Α͏ɽ
ఆཧ 2. (Pawlowitsch, 2008) (P,Q) ∈ P△n×m ×Q△m×n ΛήʔϜ Γn,m ͷφογϡઓ
ུͱ͢Δ. (P,Q)͕ NSSͰ͋Δ͜ͱͷඞཁे෼৚݅͸ɼ
(i) গͳ͘ͱ΋ P ΋͘͠͸QͷҰํ͕ɼ0ͷΈ͔ΒͳΔྻʢθϩྻͱݺͿʣΛ΋ͨͣɼ
(ii) P ͱ Qͷ͢΂ͯͷྻ͕ɼ0ΑΓେ͖͘ 1ΑΓখ͍͞஋ΛͱΔෳ਺ݸͷ࠷େ੒෼Λ
΋ͨͳ͍͜ͱͰ͋Δɽ
· NSSͷྫ (P,Q)
P =

1− x x 0
1− x− ε x− ε 2ε
0 0 1
 , Q =

1 0 0
1 0 0
0 0 1
ɼͨͩ͠ x ∈ (0, 1), ε ∈
(0, x).
͜ͷྫ͔Β΋Θ͔ΔΑ͏ʹɼφογϡۉߧΛߜΓࠐΈ͸͢Δ͕ NSS΋·ͨແݶݸଘ
ࡏ͢Δɽಛʹ ESS͕ଘࡏ͠ͳ͍৔߹ɼͭ·Γ n ̸= mͰ͋Δ৔߹ʹɼNSSͷ͏ͪͰͲ
ͷΑ͏ͳઓུ͕બ୒͞ΕɼͲͷΑ͏ͳઓུ͕༗རͱͳͬͯूஂதʹݻఆ͞Ε΍͍͔͢
ʹզʑ͸ڵຯ͕͋Δɽͦ͜Ͱ࣍અҎ߱Ͱ͸ 2ࣄ৅ɾ3ϝοηʔδͷ SRήʔϜʹݶఆ
ͯ͠෼ੳΛਐΊΔɽ
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F [(P,Q), (P,Q)]ͳΒ͹ɼF [(P,Q), (P ′, Q′)] > F [(P ′, Q′), (P ′, Q′)]. ఆཧ 1͸ରশ
SRήʔϜʹ͓͚Δ ESSͷಛ௃͚ͮͱͯ͠ͷجຊఆཧͱݴ͑Α͏ɽ
ఆཧ 1. (Trapa and Nowak, 2000) (P,Q)͕ήʔϜ Γn,m ͷ ESSͰ͋Δ͜ͱͷඞཁ
े෼৚݅͸ɼP ͕ஔ׵ߦྻͰ͋Γɼ͔ͭ Q͕ P ͷసஔߦྻͰ͋Δ͜ͱͰ͋Δɽ
· ESSͷྫ (P,Q)
P =

0 1 0
1 0 0
0 0 1
 , Q =

0 1 0
1 0 0
0 0 1

ఆཧ 1͔ΒɼήʔϜ Γn,m ʹ ESS͕ଘࡏ͢ΔͨΊʹ͸ɼP,Q͸ͱ΋ʹಉ͡αΠζͷ
ਖ਼ํߦྻͰ͋Δ͜ͱɼͭ·Γ n = m͕ඞཁͰ͋Δ͜ͱ͕௚ͪʹ൑໌͢Δɽn ̸= mͷ
৔߹Ͱ΋ଘࡏ͢Δͷ͕࣍ͷதཱ҆ఆઓུͰ͋Δɽ
ఆٛ 1. ઓུ (P,Q) ∈ P△n×m ×Q△m×n ͕࣍Λຬͨ͢ͱ͖தཱ҆ఆઓུʢNSSʣͱݺ
͹ΕΔɽ
(i) (P,Q)͕φογϡઓུͰ͋Γɼ
(ii) ͋Δઓུ (P ′, Q′) ∈ P△n×m ×Q△m×n\{(P,Q)}͕ଘࡏͯ͠ F [(P ′, Q′), (P,Q)] =
F [(P,Q), (P,Q)]ͳΒ͹ɼF [(P,Q), (P ′, Q′)] ≥ F [(P ′, Q′), (P ′, Q′)].
ఆཧ 2͸ରশ SRήʔϜʹ͓͚Δ NSSͷಛ௃͚ͮͱͯ͠ͷجຊఆཧͱݴ͑Α͏ɽ
ఆཧ 2. (Pawlowitsch, 2008) (P,Q) ∈ P△n×m ×Q△m×n ΛήʔϜ Γn,m ͷφογϡઓ
ུͱ͢Δ. (P,Q)͕ NSSͰ͋Δ͜ͱͷඞཁे෼৚݅͸ɼ
(i) গͳ͘ͱ΋ P ΋͘͠͸QͷҰํ͕ɼ0ͷΈ͔ΒͳΔྻʢθϩྻͱݺͿʣΛ΋ͨͣɼ
(ii) P ͱ Qͷ͢΂ͯͷྻ͕ɼ0ΑΓେ͖͘ 1ΑΓখ͍͞஋ΛͱΔෳ਺ݸͷ࠷େ੒෼Λ
΋ͨͳ͍͜ͱͰ͋Δɽ
· NSSͷྫ (P,Q)
P =

1− x x 0
1− x− ε x− ε 2ε
0 0 1
 , Q =

1 0 0
1 0 0
0 0 1
ɼͨͩ͠ x ∈ (0, 1), ε ∈
(0, x).
͜ͷྫ͔Β΋Θ͔ΔΑ͏ʹɼφογϡۉߧΛߜΓࠐΈ͸͢Δ͕ NSS΋·ͨແݶݸଘ
ࡏ͢Δɽಛʹ ESS͕ଘࡏ͠ͳ͍৔߹ɼͭ·Γ n ̸= mͰ͋Δ৔߹ʹɼNSSͷ͏ͪͰͲ
ͷΑ͏ͳઓུ͕બ୒͞ΕɼͲͷΑ͏ͳઓུ͕༗རͱͳͬͯूஂதʹݻఆ͞Ε΍͍͔͢
ʹզʑ͸ڵຯ͕͋Δɽͦ͜Ͱ࣍અҎ߱Ͱ͸ 2ࣄ৅ɾ3ϝοηʔδͷ SRήʔϜʹݶఆ
ͯ͠෼ੳΛਐΊΔɽ
2.3 ʢPɼQ) ∈ P△2×3 ×Q△3×2 ͷ NSS
ʢPɼQ) ∈ P△2×3×Q△3×2 Λ NSSͱ͢Δɽ࣍અҎ߱Ͱզʑ͕ݕ౼͢΂͖ NSSͷߦྻ
දݱʹ͓͚Δྻͷಛ௃Λ͜͜Ͱௐ΂͓ͯ͘ɽ࣍અҎ߱ͷ෼ੳର৅ͱͳΔ NSSͷߦྻ
දݱ͕ߜΓࠐ·ΕΔ͜ͱΛ໌Β͔ʹ͢Δɽ
ิ୊ 2. Q͸੒෼͕ 0ͷΈ͔ΒͳΔྻ (θϩྻ)Λ΋ͭ͜ͱ͸ͳ͍ɽ
ূ໌ɹҰൠੑΛࣦΘͣɼQͷ 2ྻ໨͕θϩྻͰ͋ΔͱԾఆ͢Δɽ͢ΔͱɼQͷୈ 1ྻ
͸͢΂ͯͷ੒෼͕ 1Ͱ͋ΓɼP,Q͸ x, y, x′, y′ ∈ [0, 1]Λ༻͍ͯ࣍ͷΑ͏ʹද͢͜ͱ
͕Ͱ͖Δɽ
(P,Q) =

(
x y 1− x− y
x′ y′ 1− x′ − y′
)
ɼ

1 0
1 0
1 0

����� x, y, x′, y′ ∈ [0, 1]

(P,Qʣ͸ఆཧ 2ΑΓɼNSS͔ͩΒ x ̸= x′ɼy ̸= y′ Ͱ͋Δɽ
έʔε (1) xʼ x′ɼy ʼ y′ ͱ͢Δɽ͜ͷͱ͖ɼ1− x− y ʻ 1− x′ − y′ Ͱ͋Δ͔Βɼ
ิ୊ 1ͷ࠷ద൓Ԡͷಛ௃Λ࢖͍ɼBʢPʣͷཁૉ͸

1 0
1 0
0 1
ͷܗͷΈͰ͋ΔɽΑͬ
ͯɼQ /∈ B(P )ͱͳΓɼQ͕ NSSͰ͋Δ͜ͱʹ൓͢Δɽ
έʔε (2) xʼ x′ɼyʻ y′ ͱ͢Δɽิ୊ 1ͷ࠷ద൓Ԡͷಛ௃ΑΓɼP ʹର͢Δ࠷ద൓
Ԡͷू߹ BʢPʣͷཁૉ͸ɼ

1 0
0 1
∗ ∗
 ͷܗͷΈͰ͋ΓɼQ /∈ B(P )Ͱ͋Δ͔ΒɼQ
͕ NSSͰ͋Δ͜ͱʹ൓͢Δɽ
έʔε (3)ɹ xʻ x′ɼy ʻ y′ ͱ͢ΔɽP ʹର͢Δ࠷ద൓Ԡͷू߹ BʢPʣͷཁૉ͸ɼ
0 1
0 1
1 0
ͷܗͷΈͰ͋ΔɽΑͬͯɼQ /∈ B(P )ɽҎ্ΑΓɼQ͕θϩྻΛ΋ͭ NSS
͸ଘࡏ͠ͳ͍ɽ□
Q ͕θϩྻΛ΋ͨͳ͍ͨΊɼ͍ͣΕͷࣄ৅΋ड͚खʹΑͬͯೝࣝ͞ΕΔɽP ͕ 2
ͭͷθϩྻΛ΋ͭͱφογϡઓུʹ͢ΒͳΒͳ͍ɽ
ิ୊ 3. P ͸θϩྻΛ 2ͭ΋ͭ͜ͱ͸ͳ͍ɽ
ূ໌ɹ (P,Qʣ∈ P△2×3×Q△3×2 Λ NSSͰ͋Δͱ͢ΔɽP ͕θϩྻΛ 2ͭ΋ͭͱ͢Δɽ
ҰൠੑΛࣦΘͣɼ
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(P,Q) =

(
1 0 0
1 0 0
)
ɼ

x 1− x
y 1− y
z 1− z

����� x, y, z ∈ [0, 1]

ͱ͓͘͜ͱ͕Ͱ͖Δɽͦͷͱ͖ɼ
έʔεʢ1ʣ x, y, z ∈ʢ0, 1ʣͱ͢ΔɽʢP,Qʣ͸ NSSͰ͋Δ͔Βɼఆཧ 2ΑΓɼx, y, z
͸͢΂ͯޓ͍ʹҟͳΔ஋Ͱͳ͚Ε͹ͳΒͳ͍ɽ͜ͷͱ͖ɼҰൠੑΛࣦΘͣɼ͜ΕΒ 3
ͭͷ།Ұͷ࠷େ஋Λ xͰ͋ΔͱԾఆ͢ΔɽQͷୈ 2ྻͰ͸ɼ1− x͸࠷େ஋ͱ͸ͳΓ
͑ͳ͍ɽΑͬͯ BʢQʣ͸
(
1 0 0
0 ∗ ∗
)
ͷܗͷΈͰ͋ΓɼP /∈ BʢQʣɽ
έʔεʢ2ʣ x, y, z ∈ [0, 1]ͱ͢Δɽʢ2-1ʣx = 1ͱ͢Δͱɼ
(P,Q) =

(
1 0 0
1 0 0
)
ɼ

1 0
y 1− y
z 1− z

����� y, z ∈ [0, 1]
ɽ
ิ୊ 2 ΑΓɼy = z = 1 ͸ͳ͍ɽy = 1, z ʻ 1 ͷͱ͖ɼิ୊ 1 ͷ࠷ద൓Ԡͷಛ௃Λ
࢖͍ɼ

1 0
1 0
z 1− z
ͷཁૉ͸
(
∗ ∗ ∗
0 1 0
)
ͷܗͷΈͰ͋ΓɼP /∈ B(Q)ɽ͜Ε͸
y = 1, z ʻ 1Ͱ΋ಉ༷Ͱ͋Δɽ
yʻ 1, zʻ 1ͷͱ͖ɼyʼ zͳΒ͹ɼิ ୊ 1ͷ࠷ద൓Ԡͷಛ௃ΑΓɼ

1 0
y 1− y
z 1− z
ͷ
ཁૉ͸
(
∗ ∗ ∗
0 0 1
)
ͷܗͷΈͰ͋ΓɼP /∈ B(Q)ɽ(y ʻ z ΋ಉ༷)ɽ
ʢ2-2ʣQʹؔͯ͠ y = 1ͱ͢Δͱ͖ɼ
(P,Q) =

(
1 0 0
1 0 0
)
ɼ

x 1− x
1 0
z 1− z

����� x, z ∈ [0, 1]
ɽ
(2-1)ͱಉ༷ʹ৔߹෼͚Λߦ͏ɽxʻ 1ɼz = 1ͷͱ͖ɼิ ୊ 1ͷ࠷ద൓Ԡͷಛ௃ΑΓɼ
x 1− x
1 0
1 0
ͷཁૉ͸
(
0 ∗ ∗
∗ ∗ ∗
)
ͷܗͷΈͰ͋Δɽ͕ͨͬͯ͠ɼP /∈ B(Q)ɽ
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(P,Q) =

(
1 0 0
1 0 0
)
ɼ

x 1− x
y 1− y
z 1− z

����� x, y, z ∈ [0, 1]

ͱ͓͘͜ͱ͕Ͱ͖Δɽͦͷͱ͖ɼ
έʔεʢ1ʣ x, y, z ∈ʢ0, 1ʣͱ͢ΔɽʢP,Qʣ͸ NSSͰ͋Δ͔Βɼఆཧ 2ΑΓɼx, y, z
͸͢΂ͯޓ͍ʹҟͳΔ஋Ͱͳ͚Ε͹ͳΒͳ͍ɽ͜ͷͱ͖ɼҰൠੑΛࣦΘͣɼ͜ΕΒ 3
ͭͷ།Ұͷ࠷େ஋Λ xͰ͋ΔͱԾఆ͢ΔɽQͷୈ 2ྻͰ͸ɼ1− x͸࠷େ஋ͱ͸ͳΓ
͑ͳ͍ɽΑͬͯ BʢQʣ͸
(
1 0 0
0 ∗ ∗
)
ͷܗͷΈͰ͋ΓɼP /∈ BʢQʣɽ
έʔεʢ2ʣ x, y, z ∈ [0, 1]ͱ͢Δɽʢ2-1ʣx = 1ͱ͢Δͱɼ
(P,Q) =

(
1 0 0
1 0 0
)
ɼ

1 0
y 1− y
z 1− z

����� y, z ∈ [0, 1]
ɽ
ิ୊ 2 ΑΓɼy = z = 1 ͸ͳ͍ɽy = 1, z ʻ 1 ͷͱ͖ɼิ୊ 1 ͷ࠷ద൓Ԡͷಛ௃Λ
࢖͍ɼ

1 0
1 0
z 1− z
ͷཁૉ͸
(
∗ ∗ ∗
0 1 0
)
ͷܗͷΈͰ͋ΓɼP /∈ B(Q)ɽ͜Ε͸
y = 1, z ʻ 1Ͱ΋ಉ༷Ͱ͋Δɽ
yʻ 1, zʻ 1ͷͱ͖ɼyʼ zͳΒ͹ɼิ ୊ 1ͷ࠷ద൓Ԡͷಛ௃ΑΓɼ

1 0
y 1− y
z 1− z
ͷ
ཁૉ͸
(
∗ ∗ ∗
0 0 1
)
ͷܗͷΈͰ͋ΓɼP /∈ B(Q)ɽ(y ʻ z ΋ಉ༷)ɽ
ʢ2-2ʣQʹؔͯ͠ y = 1ͱ͢Δͱ͖ɼ
(P,Q) =

(
1 0 0
1 0 0
)
ɼ

x 1− x
1 0
z 1− z

����� x, z ∈ [0, 1]
ɽ
(2-1)ͱಉ༷ʹ৔߹෼͚Λߦ͏ɽxʻ 1ɼz = 1ͷͱ͖ɼิ ୊ 1ͷ࠷ద൓Ԡͷಛ௃ΑΓɼ
x 1− x
1 0
1 0
ͷཁૉ͸
(
0 ∗ ∗
∗ ∗ ∗
)
ͷܗͷΈͰ͋Δɽ͕ͨͬͯ͠ɼP /∈ B(Q)ɽ
x ʻ 1ɼz ʻ 1 ͷͱ͖ɼิ୊ 1 ͷ࠷ద൓Ԡͷಛ௃Λ࢖͍ɼ

x 1− x
1 0
z 1− z
ͷཁૉ
͸
(
0 1 0
∗ ∗ ∗
)
ͷܗͷΈͰ͋Δɽ͕ͨͬͯ͠ɼP /∈ B(Q)ɽ
ʢ2-3ʣ x = 0 ͷͱ͖ɼิ୊ 2 ͔Β y = z = 0 ͸ͳ͍ɽy ʼ 0ɼz = 0 ͷͱ͖ɼิ୊
1ͷ࠷ద൓Ԡͷಛ௃ΑΓɼ

0 1
y 1− y
0 1
ͷཁૉ͸
(
0 1 0
∗ ∗ ∗
)
ͷܗͷΈͰ͋Γɼ
P /∈ B(Q)ɽ
y ʹ 0ɼz ʻ 1 ͷͱ͖ɼ

0 1
0 1
z 1− z
ͷཁૉ͸ิ୊ 1 ͷ࠷ద൓Ԡͷಛ௃ΑΓ
ɼ
(
0 0 1
∗ ∗ ∗
)
ͷܗͷΈͰ͋ΔɽΑͬͯ P /∈ B(Q)ɽ
yʼ z ͷͱ͖

0 1
y 1− y
z 1− z
ͷཁૉ͸ɼิ୊ 1ͷ࠷ద൓Ԡͷಛ௃ΑΓ
(
0 1 0
∗ ∗ ∗
)
ͷܗͷΈͰ͋ΔɽΑͬͯ P /∈ B(Q)ɽz ʼ y ͷͱ͖΋ಉ༷ʹͯ͠ P /∈ B(Q)ɽ
y = 0ɼz ʼ 0 ͷͱ͖ɼิ୊ 1 ͷ࠷ద൓Ԡͷಛ௃Λ࢖͍ɼ

0 1
0 1
z 1− z
ͷཁૉ
͸
(
∗ ∗ 1
∗ ∗ ∗
)
ͷܗͷΈͰ͋ΔɽΑͬͯ P /∈ B(Q)ɽ
(2-4) y = 0 ͱ͢Δɽx ʼ 0ɼz = 0 ͷͱ͖ɼิ୊ 1 ͷ࠷ద൓Ԡͷಛ௃ΑΓɼ
x 1− x
0 1
0 1
ͷཁૉ͸
(
∗ ∗ ∗
0 ∗ ∗
)
ͷܗͷΈͰ͋ΓɼP /∈ B(Q)ɽ
x ʼ 0ɼz ʼ 0 ͷͱ͖ɼิ୊ 1 ͷ࠷ద൓Ԡͷಛ௃ΑΓɼ

x 1− x
0 1
z 1− z
ͷཁૉ
͸
(
1 0 0
∗ 1 ∗
)
ͷܗͷΈͰ͋ΔɽΑͬͯɼP /∈ B(Q)ɽ
(2-5) z = 0ͱ͢Δͱ͖ɼิ୊ 2ΑΓɼy = x = 0͸ͳ͍ɽxʼ yͷͱ͖ɼิ୊ 1ͷ࠷
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ద൓Ԡͷಛ௃ΑΓɼ

x 1− x
y 1− y
0 1
ͷཁૉ͸
(
1 0 0
0 0 1
)
ɽͷܗͷΈͰ͋ΔɽΑͬ
ͯɼP /∈ B(Q)ɽy ʼ xͷͱ͖΋ಉ༷ʹͯ͠ P /∈ B(Q)ɽҎ্͔ΒɼͲͷέʔεʹ͓
͍ͯ΋ P ∈ B(Q)͸ P =
(
1 0 0
1 0 0
)
ͷܗΛ͓ͯ͠ΒͣɼP ͕θϩྻΛ 2ͭ΋ͭ
͜ͱ͸ͳ͍ɽ□
3 ౫ଡɾಥવมҟಈֶʹΑΔۉߧબ୒
ϓϨΠϠʔूஂͷదԠաఔͱͯ͠ϨϓϦέʔλʔಈֶΛ૝ఆ͢ΔͱɼSRήʔϜͰ
͸઴ۙ҆ఆੑͷΑ͏ͳڧ͍҆ఆੑΛ΋ͭઓུ (P,Q) ͕গͳ͍͜ͱ͕஌ΒΕ͍ͯΔɽ
ࣄ৅ͱϝοηʔδͷ਺͕౳͍͠৔߹ʹ͸ɼ઴ۙ҆ఆੑΛ΋ͭઓུ͸ɼESSͷΈͰ͋Δ
͜ͱ͕஌ΒΕ͍ͯΔ (Huttegger, 2007; Pawlowitsch, 2008)ɽ
దԠաఔͱͯ͠౫ଡɾಥવมҟಈֶΛ૝ఆ͢Δͱɼ2ࣄ৅ɾ2ϝοηʔδͷ৔߹ʹɼ
֬཰తมಈͷ஋Λద੾ʹબͿ͜ͱͰ઴ۙ҆ఆੑΛ΋ͭ NSS͕ଘࡏ͢Δ͜ͱ͕ূ໌͞
Ε͍ͯΔ (Hofbauer and Huttegger, 2008)ɽ3ࣄ৅ɾ3ϝοηʔδͷ৔߹ʹ͸ɼ઴ۙ
҆ఆੑΛ΋ͭઓུ͕ ESSͷΈͰ͋Δ͜ͱ͕ࣔ͞Ε͍ͯΔ (Hofbauer and Huttegger,
2015)ɽ൴Β͸ɼ4 ࣄ৅ɾ4 ϝοηʔδͷ৔߹Ͱ΋ಉ༷ͷ݁Ռ͕ಋ͔ΕΔͱ༧૝ͯ͠
͍Δɽ
ຊઅͰ͸ɼ౫ଡɾಥવมҟಈֶͷԼͰɼ2ࣄ৅ɾ3ϝοηʔδͷέʔεΛ෼ੳ͠ɼ઴
ۙ҆ఆੑͱ͍͏ڧ͍҆ఆੑΛ΋ͭ NSS͕ଘࡏ͢Δ͜ͱΛূ໌͢Δɽ
3.1 Ϟσϧ
ຊઅͰ͸, Hofbauer and Hutteggerʢ2015) ͱಉ༷ʹɼૹΓख͸ϝοηʔδΛૹΔ
ͷΈͰ͋Γɼड͚ख͸ϝοηʔδΛड͚औͬͯෳ਺ͷࣄ৅ͷ͍ͣΕ͔ͱରԠͤ͞Δͩ
͚ͱ͍͏ঢ়گΛߟ͑Δɽ2ࣄ৅ɾ3ϝοηʔδͷέʔεͰ͸ɼૹΓखͷઓུ P ∈ P△2×3
ͱड͚खͷઓུ Q ∈ Q△3×2 ͸ɼ࣍ͷΑ͏ʹͳΔɽ
P =
(
p11 p12 p13
p21 p22 p23
)
ɼQ =
 q11 q12q21 q22
q31 q32
 .
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ద൓Ԡͷಛ௃ΑΓɼ

x 1− x
y 1− y
0 1
ͷཁૉ͸
(
1 0 0
0 0 1
)
ɽͷܗͷΈͰ͋ΔɽΑͬ
ͯɼP /∈ B(Q)ɽy ʼ xͷͱ͖΋ಉ༷ʹͯ͠ P /∈ B(Q)ɽҎ্͔ΒɼͲͷέʔεʹ͓
͍ͯ΋ P ∈ B(Q)͸ P =
(
1 0 0
1 0 0
)
ͷܗΛ͓ͯ͠ΒͣɼP ͕θϩྻΛ 2ͭ΋ͭ
͜ͱ͸ͳ͍ɽ□
3 ౫ଡɾಥવมҟಈֶʹΑΔۉߧબ୒
ϓϨΠϠʔूஂͷదԠաఔͱͯ͠ϨϓϦέʔλʔಈֶΛ૝ఆ͢ΔͱɼSRήʔϜͰ
͸઴ۙ҆ఆੑͷΑ͏ͳڧ͍҆ఆੑΛ΋ͭઓུ (P,Q) ͕গͳ͍͜ͱ͕஌ΒΕ͍ͯΔɽ
ࣄ৅ͱϝοηʔδͷ਺͕౳͍͠৔߹ʹ͸ɼ઴ۙ҆ఆੑΛ΋ͭઓུ͸ɼESSͷΈͰ͋Δ
͜ͱ͕஌ΒΕ͍ͯΔ (Huttegger, 2007; Pawlowitsch, 2008)ɽ
దԠաఔͱͯ͠౫ଡɾಥવมҟಈֶΛ૝ఆ͢Δͱɼ2ࣄ৅ɾ2ϝοηʔδͷ৔߹ʹɼ
֬཰తมಈͷ஋Λద੾ʹબͿ͜ͱͰ઴ۙ҆ఆੑΛ΋ͭ NSS͕ଘࡏ͢Δ͜ͱ͕ূ໌͞
Ε͍ͯΔ (Hofbauer and Huttegger, 2008)ɽ3ࣄ৅ɾ3ϝοηʔδͷ৔߹ʹ͸ɼ઴ۙ
҆ఆੑΛ΋ͭઓུ͕ ESSͷΈͰ͋Δ͜ͱ͕ࣔ͞Ε͍ͯΔ (Hofbauer and Huttegger,
2015)ɽ൴Β͸ɼ4 ࣄ৅ɾ4 ϝοηʔδͷ৔߹Ͱ΋ಉ༷ͷ݁Ռ͕ಋ͔ΕΔͱ༧૝ͯ͠
͍Δɽ
ຊઅͰ͸ɼ౫ଡɾಥવมҟಈֶͷԼͰɼ2ࣄ৅ɾ3ϝοηʔδͷέʔεΛ෼ੳ͠ɼ઴
ۙ҆ఆੑͱ͍͏ڧ͍҆ఆੑΛ΋ͭ NSS͕ଘࡏ͢Δ͜ͱΛূ໌͢Δɽ
3.1 Ϟσϧ
ຊઅͰ͸, Hofbauer and Hutteggerʢ2015) ͱಉ༷ʹɼૹΓख͸ϝοηʔδΛૹΔ
ͷΈͰ͋Γɼड͚ख͸ϝοηʔδΛड͚औͬͯෳ਺ͷࣄ৅ͷ͍ͣΕ͔ͱରԠͤ͞Δͩ
͚ͱ͍͏ঢ়گΛߟ͑Δɽ2ࣄ৅ɾ3ϝοηʔδͷέʔεͰ͸ɼૹΓखͷઓུ P ∈ P△2×3
ͱड͚खͷઓུ Q ∈ Q△3×2 ͸ɼ࣍ͷΑ͏ʹͳΔɽ
P =
(
p11 p12 p13
p21 p22 p23
)
ɼQ =
 q11 q12q21 q22
q31 q32
 .
͜ͷͱ͖ɼࣄ৅ i ∈ {1, 2}ʹ͓͚ΔૹΓखͷہॴઓུ͸ɼ
SPi = {(pi1, pi2, pi3) ∈ R3|
3∑
j
pij = 1, pij ≥ 0}.
ࣄ৅͕ 2ͭͰ͋Δ͔ΒɼૹΓखͷߦಈઓུͷू߹͸, SP1 × SP2 ͱͳΔɽҰํɼϝο
ηʔδ j ∈ {1, 2, 3}ʹର͢Δड͚खͷہॴઓུ͸ɼ
SQj = {(qj1, qj2) ∈ R2|
2∑
i
qji = 1, qji ≥ 0}.
ϝοηʔδ͕ 3ͭͰ͋Δ͔Βɼड͚खͷߦಈઓུͷू߹͸ɼSQ1 × SQ2 × SQ3 ͱͳΔɽ
ຊઅͰ͸ɼඇରশ SRήʔϜͷઃఆͰۉߧͷબ୒Λߦ͏ɽ*6
Ҏ্ͷͱ͖ɼ౫ଡɾಥવมҟํఔࣜ p˙11, q˙11 ͸࣍ͷΑ͏ʹͳΔɽ
p˙11 = p11(q11 − p11q11 − p12q21 − p13q31)
ɹɹɹɹɹɹɹ+ ε11p11 + ε12p12 + ε13p13 − ε11p11 − ε21p11 − ε31p11,
q˙11 = q11(p11 − q11p11 − q12p21)
ɹɹɹɹɹɹɹ+ δ11q11 + δ12q12 − δ11q11 − δ21q11.
͜͜Ͱɼ͢΂ͯͷ k, l ∈ {1, 2, 3}, s, t ∈ {1, 2}ʹ͍ͭͯ, εkl, δst ͸े෼ʹখ͍͞΋
ͷͱ͢Δɽ
౫ଡɾಥવมҟํఔࣜ͸ɼ͢΂ͯͷ k, l ∈ {1, 2, 3}, s, t ∈ {1, 2} ʹ͍ͭͯ εkl =
0, δst = 0ͷͱ͖ɼϨϓϦέʔλʔํఔࣜ (౫ଡํఔࣜ)ͱҰக͢Δɽ
q˙11 Ͱ͸ɼq11(p11 − q11p11 − q12p21)͕ϨϓϦέʔλʔํఔࣜΛද͢ɽϨϓϦέʔ
λʔํఔࣜͷ஋͸ɼબ୒ͨ͠ઓུ͕ઓུͷฏۉΑΓେ͖͍རಘͷͱ͖ʹ૿Ճ͠ɼখ͞
͍ͱ͖ʹݮগ͢ΔɽઓུͷฏۉͱҰக͍ͯ͠Δͱ͖ʹ͸ఆৗ఺ (0)ͱͳΔɽ
ଞํɼ౫ଡɾಥવมҟํఔ͔ࣜΒϨϓϦέʔλʔํఔࣜΛআ͍ͨ෦෼͸ɼಥવมҟ
ํఔࣜͱݺ͹ΕΔɽq˙11 Ͱ͸ɼδ11q11 + δ12q12 − δ11q11 − δ21q11 ͕ಥવมҟํఔࣜΛ
ද͢ɽ
ಥવมҟํఔࣜͷલ൒෦͸ɼઓུ q11 Ҏ֎ͷઓུ͔Βඍখͷ֬཰Ͱ q11 ͷઓུ΁Ҡ
ߦ͢Δ͜ͱΛද͍ͯ͠Δɽྫ͑͹ɼq12 ͷઓུ͸֬཰ δ12 ͷ֬཰Ͱઓུ q11 ʹҠߦ͢
Δɽ͜͜Ͱ͸ɼq11 ͷઓུ΋ δ11 ͷ֬཰Ͱ q11 ͷઓུʹҠߦ͢Δ΋ͷͱ͢Δɽ
*6 ඇରশ SR ήʔϜΛઃఆ͍ͯ͠ΔͷͰɼϓϨΠϠʔूஂΛૹΓखͱड͚खʹ෼ׂͨ͠ 2ूஂ͔Β੒
ΔಈֶΛ෼ੳ͍ͯ͠Δ͜ͱʹͳΔɽରশ SR ήʔϜͷಈֶʹൺ΂ͯঢ়ଶۭؒͷ࣍ݩ͕খ͘͞ͳΓɼ
෼ੳ͕ൺֱత༰қʹͳΔɽ
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ಥવมҟํఔࣜͷޙ൒෦͸ɼq11 ͷઓུ͕ɼඍখͷ֬཰ͰଞͷઓུʹҠߦ͢Δ͜ͱ
Λද͍ͯ͠Δɽ͜͜Ͱ͸ɼq11 ͷઓུ΋, δ11 ͷ֬཰Ͱ q11 ͷઓུʹҠߦ͢Δ΋ͷͱ
͢Δɽ
؆ུԽͷͨΊɼ͢΂ͯͷ k, l ∈ {1, 2, 3}, s, t ∈ {1, 2}ʹ͍ͭͯɼεkl = ε, δst = δ ͱ
͢Δͱɼp11, q11 ʹ͍ͭͯͷ౫ଡɾಥવมҟํఔࣜ͸ɼ
p˙11 = p11(q11 −
3∑
j
p1jqj1) + ε(1− 3p11),
q˙11 = q11(p11 −
2∑
i
q1ipi1) + δ(1− 2q11).
ͱͳΔɽ࣍Ͱ͸ɼ͜ͷ౫ଡɾಥવมҟํఔࣜΛ༻͍ͯɼઁಈఆৗ఺ (perturbed rest
point)Λ෼ੳ͠ɼSRήʔϜʹ͓͚Δ NSSͷ҆ఆੑʹ͍ͭͯௐ΂Δɽ εͱ δ ͷ஋Λ
ద੾ʹબ΂͹ɼn ̸= mͷ SRήʔϜʹ͓͍ͯ઴ۙ҆ఆੑΛ΋ͭ NSS͕ଘࡏ͢Δ͜ͱ
Λࣔ͢ɽ
3.2 ઴ۙ҆ఆੑΛ΋ͭ NSS
ఆཧ 3. ౫ଡɾಥવมҟಈֶͷԼͰ͸ɼn ̸= m ͷ SR ήʔϜʹ͓͍ͯɼ઴ۙ҆ఆͳ
NSS͕ଘࡏ͢Δɽ
ূ໌ɹ n = 2,m = 3ͷέʔεͰূ໌͢Δɽূ໌ͷεςοϓ͸ҎԼͷͱ͓ΓͰ͋Δɽ
εςοϓ 1: ౫ଡɾಥવมҟಈֶͷԼͰɼ઴ۙ҆ఆੑΛௐ΂ΔͨΊʹɼNSSΛຬͨ͢
ઓུ (P,Q) ∈ P△2×3 ×Q△3×2 ʹ஫໨ͯ͠ɼઁಈఆৗ఺ (P˜ , Q˜)ΛٻΊΔɽ
εςοϓ 2: ౫ଡɾಥવมҟํఔࣜͱఆৗ఺ (P˜ , Q˜)͔Βɼ12ߦ 12ྻͷϠίϏߦྻΛ
ಋग़͠ɼϠίϏߦྻΛ༨Ҽࢠల։͠ɼݻ༗ํఔࣜ χ(λ)ΛٻΊΔɽ͜͜Ͱ͢΂ͯͷ λ
͕ෛͷ஋Ͱ͋Ε͹ɼઁಈఆৗ఺ (P˜ , Q˜)͸઴ۙ҆ఆੑΛ΋ͭɽ
εςοϓ 1 ઁಈఆৗ఺ΛٻΊΔɽ
NSSΛຬͨ͢ԼهͷΑ͏ͳઓུ (P,Q)ʹ஫໨͠ɼ౫ଡɾಥવมҟಈֶʹ͓͚Δઁ
ಈఆৗ఺ΛٻΊΔɽ
P =
(
1 0 0
0 1 0
)
ɼQ =
 1 00 1
q31 q32
ɽ
͜͜Ͱɼq31 + q32 = 1, 0 ≤ q31, q32 ≤ 1.
౫ଡɾಥવมҟಈֶͷԼͰ͸, ఆৗ఺͸ઁಈ͍ͯ͠ΔͨΊɼ౫ଡɾಥવมҟํఔࣜ
ʹઓུ (P,Q) ͷཁૉͷ஋Λ୅ೖͯ͠΋ɼ0 ʹͳΒͳ͍͜ͱ͕֬ೝͰ͖Δɽઁಈఆৗ
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ಥવมҟํఔࣜͷޙ൒෦͸ɼq11 ͷઓུ͕ɼඍখͷ֬཰ͰଞͷઓུʹҠߦ͢Δ͜ͱ
Λද͍ͯ͠Δɽ͜͜Ͱ͸ɼq11 ͷઓུ΋, δ11 ͷ֬཰Ͱ q11 ͷઓུʹҠߦ͢Δ΋ͷͱ
͢Δɽ
؆ུԽͷͨΊɼ͢΂ͯͷ k, l ∈ {1, 2, 3}, s, t ∈ {1, 2}ʹ͍ͭͯɼεkl = ε, δst = δ ͱ
͢Δͱɼp11, q11 ʹ͍ͭͯͷ౫ଡɾಥવมҟํఔࣜ͸ɼ
p˙11 = p11(q11 −
3∑
j
p1jqj1) + ε(1− 3p11),
q˙11 = q11(p11 −
2∑
i
q1ipi1) + δ(1− 2q11).
ͱͳΔɽ࣍Ͱ͸ɼ͜ͷ౫ଡɾಥવมҟํఔࣜΛ༻͍ͯɼઁಈఆৗ఺ (perturbed rest
point)Λ෼ੳ͠ɼSRήʔϜʹ͓͚Δ NSSͷ҆ఆੑʹ͍ͭͯௐ΂Δɽ εͱ δ ͷ஋Λ
ద੾ʹબ΂͹ɼn ̸= mͷ SRήʔϜʹ͓͍ͯ઴ۙ҆ఆੑΛ΋ͭ NSS͕ଘࡏ͢Δ͜ͱ
Λࣔ͢ɽ
3.2 ઴ۙ҆ఆੑΛ΋ͭ NSS
ఆཧ 3. ౫ଡɾಥવมҟಈֶͷԼͰ͸ɼn ̸= m ͷ SR ήʔϜʹ͓͍ͯɼ઴ۙ҆ఆͳ
NSS͕ଘࡏ͢Δɽ
ূ໌ɹ n = 2,m = 3ͷέʔεͰূ໌͢Δɽূ໌ͷεςοϓ͸ҎԼͷͱ͓ΓͰ͋Δɽ
εςοϓ 1: ౫ଡɾಥવมҟಈֶͷԼͰɼ઴ۙ҆ఆੑΛௐ΂ΔͨΊʹɼNSSΛຬͨ͢
ઓུ (P,Q) ∈ P△2×3 ×Q△3×2 ʹ஫໨ͯ͠ɼઁಈఆৗ఺ (P˜ , Q˜)ΛٻΊΔɽ
εςοϓ 2: ౫ଡɾಥવมҟํఔࣜͱఆৗ఺ (P˜ , Q˜)͔Βɼ12ߦ 12ྻͷϠίϏߦྻΛ
ಋग़͠ɼϠίϏߦྻΛ༨Ҽࢠల։͠ɼݻ༗ํఔࣜ χ(λ)ΛٻΊΔɽ͜͜Ͱ͢΂ͯͷ λ
͕ෛͷ஋Ͱ͋Ε͹ɼઁಈఆৗ఺ (P˜ , Q˜)͸઴ۙ҆ఆੑΛ΋ͭɽ
εςοϓ 1 ઁಈఆৗ఺ΛٻΊΔɽ
NSSΛຬͨ͢ԼهͷΑ͏ͳઓུ (P,Q)ʹ஫໨͠ɼ౫ଡɾಥવมҟಈֶʹ͓͚Δઁ
ಈఆৗ఺ΛٻΊΔɽ
P =
(
1 0 0
0 1 0
)
ɼQ =
 1 00 1
q31 q32
ɽ
͜͜Ͱɼq31 + q32 = 1, 0 ≤ q31, q32 ≤ 1.
౫ଡɾಥવมҟಈֶͷԼͰ͸, ఆৗ఺͸ઁಈ͍ͯ͠ΔͨΊɼ౫ଡɾಥવมҟํఔࣜ
ʹઓུ (P,Q) ͷཁૉͷ஋Λ୅ೖͯ͠΋ɼ0 ʹͳΒͳ͍͜ͱ͕֬ೝͰ͖Δɽઁಈఆৗ
఺ΛٻΊΔͨΊʹɼઓུ (P,Q)ΛҎԼͷΑ͏ʹॻ͖௚͢ɽ
P˜ =
(
1− p1 − p2 p1 p2
p1 1− p1 − p2 p2
)
ɼ˜Q =
 1− q qq 1− q
q31 q32
ɽ
·ͣɼఆৗ఺ʹ͓͚Δ q31, q32 ͷ஋ΛٻΊΔɽ
q˙31 = q31(p13 − p13q31 − p23q32) + δ(1− 2q31) = 0,
q˙32 = q32(p23 − p13q31 − p23q32) + δ(1− 2q32) = 0.
(P˜ , Q˜)ͷཁૉͷ஋Λ୅ೖ͢Δͱɼ
q31(p2 − p2q31 − p2q32) + δ(1− 2q31) = 0,
q32(p2 − p2q31 − p2q32) + δ(1− 2q32) = 0.
྆ࣜͱ΋ p2 Ͱ·ͱΊΔͱɼq31p2(1− q31 − q32) = 0, q32p2(1− q31 − q32) = 0ͱ
ͳΔ͔ΒɼҎԼͷࣜΛಘΔɽ
δ(1− 2q31) = 0,
δ(1− 2q32) = 0.
͕ͨͬͯ͠ɼઓུ (P˜ , Q˜)͸࣍ͷΑ͏ʹॻ͖௚͢͜ͱ͕Ͱ͖Δɽ
P˜ =
(
1− p1 − p2 p1 p2
p1 1− p1 − p2 p2
)
ɼ˜Q =
 1− q qq 1− q
1
2
1
2
 .
p1, p2, q ΛٻΊΔͨΊʹɼp˙12, p˙13, q˙12 Λ p1, p2, q ʹ͍ͭͯςʔϥʔల։͠ɼp1 =
0, p2 = 0, q = 0 ͰධՁ͢Δ͜ͱͰ p1 = ε, p2 = 2ε, q = δ ΛٻΊΔ͜ͱ͕Ͱ͖Δɽ
ΑͬͯɼԼهͷΑ͏ͳઁಈఆৗ఺ΛಘΔɽ
P˜ =
(
1− 3ε ε 2ε
ε 1− 3ε 2ε
)
ɼ˜Q =
 1− δ δδ 1− δ
1
2
1
2
ɽ
͜ΕΒͷ஋Λ౫ଡɾಥવมҟํఔࣜʹ୅ೖ͢Δͱɼ0ͱͳΔ͜ͱΛ͔֬ΊΔ͜ͱ͕
Ͱ͖Δɽ
εςοϓ 2: ϠίϏߦྻΛٻΊ, ݻ༗ํఔࣜΛಋग़͢Δ
ઁಈఆৗ఺ (P˜ , Q˜)ͷ஋Λ༻͍ɼ౫ଡɾಥવมҟํఔ͔ࣜΒɼ12ߦ 12ྻͷϠίϏ
ߦྻΛಋग़͢ΔɽϠίϏߦྻΛ༨Ҽࢠల։͢Δ͜ͱͰ, ҎԼͷݻ༗ํఔࣜΛಘΔɽ
χ(λ) =(λ− 2ε− δ + 1)(λ+ ε− 2δ + 1)2(λ+ 2ε− δ + 1
2
)(λ− 3ε+ 1)2(λ− 4ε+ δ + 1)2ɹ
× (λ+ ε+ 2δ)(λ− ε+ 2δ)(λ− δ + 1
2
)(λ+ 2ε− δ + 1) = 0.
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͜ͷ͔ࣜΒɼ2δ > εͰ ε, δ ͕े෼খ͍͞ͱ͖ɼ͢΂ͯͷ λ͕ෛͷ஋ΛͱΔ͜ͱ͕
֬ೝͰ͖Δ. ͕ͨͬͯ͠, ઓུ (P,Q)ͷۙ͘Ͱઁಈఆৗ఺͸઴ۙ҆ఆͱͳΔɽ □
̨̧ήʔϜ͸ɼn = mͷͱ͖ɼϨϓϦέʔλʔಈֶͷԼͰ઴ۙ҆ఆੑΛ΋ͭͷ͸
ESSͷΈͰ͋Γɼn ̸= mͷͱ͖ɼSRήʔϜʹ͓͍ͯ͸ɼESS͕ଘࡏ͠ͳ͍ɽ͜ͷ
Α͏ͳதͰɼ౫ଡɾಥવมҟಈֶͷԼͰ͸͋Δ͕ɼ઴ۙ҆ఆੑΛ΋ͭ NSSͷଘࡏΛ
໌Β͔ʹͨ͜͠ͱ͸Ұఆͷҙ͕ٛ͋Δͱݴ͑Δɽn = 3,m = 4ͷ৔߹Ͱ΋, ࣍ͷઁಈ
ఆৗ఺
P¯ =
 1− 72ε ε ε 32εε 1− 72ε ε 32ε
ε ε 1− 72ε 32ε
 ɼ¯Q =

1− 2δ δ δ
δ 1− 2δ δ
δ δ 1− 2δ
1
3
1
3
1
3

Λ༻͍, ౫ଡɾಥવมҟํఔ͔ࣜΒ, 24ߦ 24ྻͷϠίϏߦྻΛಋग़͢Δͱ, ҎԼͷݻ
༗ํఔࣜΛಘΔ.
χ(λ) =(λ− 5
2
ε− 2δ + 1)2(λ+ ε− 3δ + 1)6(λ+ 3
2
ε− 2δ + 2
3
)2(λ− 7
2
ε− δ + 1)3ɹ
×(λ− 9
2
ε+ δ + 1)6(λ+
1
2
ε+ 3δ)2(λ− ε+ 3δ)(λ− 3
2
ε− 2δ + 2
3
)(λ+ 2ε− 2δ + 1) = 0.
Ҏ্͔Β 3δ > εͰ, ε, δ ͕े෼ʹখ͍͞ͱ͖, ͢΂ͯͷ λ͕ෛͷ஋ͱͳΓ, ઴ۙ҆
ఆੑΛ΋ͭ͜ͱ͕֬ೝͰ͖Δ. ࠓޙ͸ nͱmͷඇରশੑ͕֦େͨ͠৔߹ͳͲɼn ̸= m
ʹ͓͍ͯ઴ۙ҆ఆੑΛҡ࣋͢Δ NSS͕ৗʹଘࡏ͢Δͷ͔ɼͲ͏͍ͬͨ৚݅ͷԼͰଘ
ࡏ͢Δͷ͔Λ͔֬ΊΔ͜ͱ͕՝୊ͱͳΖ͏ɽ
4 ස౓ґଘͷग़ੜࢮ๢աఔʹΑΔۉߧબ୒
֤ϓϨΠϠʔ͕ͱΔઓུΛɼLA ∈ P△2×3 × Q△3×2 ΋͘͠͸ɼLB ∈ P△2×3 × Q△3×2
ͷ͍ͣΕ͔ͱ͢ΔɽͦͷϓϨΠϠʔ͔ΒͳΔूஂΛ N ਓ༗ݶूஂͱ͢Δɽ*7ͦ͜Ͱ
࣍ͷΑ͏ͳ཭ࢄ࣌ؒ t = 0, 1, . . .ͷ֬཰աఔΛ౫ଡϓϩηεͱͯ͠૝ఆ͢Δɽ֬཰ա
ఔͷ֤ظͷঢ়ଶ͸ɼઓུ LA Λͱ͍ͬͯΔϓϨΠϠʔͷਓޱͰද͞Εɼঢ়ଶۭؒ͸
{0, 1, 2, . . . , N}ͱͳΔɽॳظ࣌఺ʢt = 0ʣʹ͓͍ͯɼશһ͕ઓུ LB Λͱ͍ͬͯΔ
ूஂʹɼผͷઓུ LA ͷϓϨΠϠʔ͕ಥવมҟͰ 1ਓग़ݱ͢ΔͱԾఆ͢Δɽ·ͣɼϥ
ϯμϜϚονϯάʹΑΓɼͦͷظͷ֤ઓུͷظ଴རಘʢదԠ౓ʣ͕ఆ·Δɽଓ͚ͯϓ
ϨΠϠʔ͕ 1ਓɼूஂ͔Βநग़͞Εɼ࣍ظʢt = 1ʣʹͦͷϓϨΠϠʔͱಉ͡ઓུͷ
ϓϨΠϠʔ͕ 1ਓɼूஂʹ௥Ճ͞ΕΔɽ͜ͷநग़͞ΕͨϓϨΠϠʔΛग़ੜϓϨΠϠʔ
*7 ͜Εʹର͠ɼϨϓϦέʔλʔಈֶͰ͸ɼूஂͷϓϨΠϠʔ਺͸ແݶͰ΋Α͍ɽ
 言語進化ゲームにおける中立安定戦略の均衡選択 137
͜ͷ͔ࣜΒɼ2δ > εͰ ε, δ ͕े෼খ͍͞ͱ͖ɼ͢΂ͯͷ λ͕ෛͷ஋ΛͱΔ͜ͱ͕
֬ೝͰ͖Δ. ͕ͨͬͯ͠, ઓུ (P,Q)ͷۙ͘Ͱઁಈఆৗ఺͸઴ۙ҆ఆͱͳΔɽ □
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ESSͷΈͰ͋Γɼn ̸= mͷͱ͖ɼSRήʔϜʹ͓͍ͯ͸ɼESS͕ଘࡏ͠ͳ͍ɽ͜ͷ
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P¯ =
 1− 72ε ε ε 32εε 1− 72ε ε 32ε
ε ε 1− 72ε 32ε
 ɼ¯Q =

1− 2δ δ δ
δ 1− 2δ δ
δ δ 1− 2δ
1
3
1
3
1
3

Λ༻͍, ౫ଡɾಥવมҟํఔ͔ࣜΒ, 24ߦ 24ྻͷϠίϏߦྻΛಋग़͢Δͱ, ҎԼͷݻ
༗ํఔࣜΛಘΔ.
χ(λ) =(λ− 5
2
ε− 2δ + 1)2(λ+ ε− 3δ + 1)6(λ+ 3
2
ε− 2δ + 2
3
)2(λ− 7
2
ε− δ + 1)3ɹ
×(λ− 9
2
ε+ δ + 1)6(λ+
1
2
ε+ 3δ)2(λ− ε+ 3δ)(λ− 3
2
ε− 2δ + 2
3
)(λ+ 2ε− 2δ + 1) = 0.
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ʹ͓͍ͯ઴ۙ҆ఆੑΛҡ࣋͢Δ NSS͕ৗʹଘࡏ͢Δͷ͔ɼͲ͏͍ͬͨ৚݅ͷԼͰଘ
ࡏ͢Δͷ͔Λ͔֬ΊΔ͜ͱ͕՝୊ͱͳΖ͏ɽ
4 ස౓ґଘͷग़ੜࢮ๢աఔʹΑΔۉߧબ୒
֤ϓϨΠϠʔ͕ͱΔઓུΛɼLA ∈ P△2×3 × Q△3×2 ΋͘͠͸ɼLB ∈ P△2×3 × Q△3×2
ͷ͍ͣΕ͔ͱ͢ΔɽͦͷϓϨΠϠʔ͔ΒͳΔूஂΛ N ਓ༗ݶूஂͱ͢Δɽ*7ͦ͜Ͱ
࣍ͷΑ͏ͳ཭ࢄ࣌ؒ t = 0, 1, . . .ͷ֬཰աఔΛ౫ଡϓϩηεͱͯ͠૝ఆ͢Δɽ֬཰ա
ఔͷ֤ظͷঢ়ଶ͸ɼઓུ LA Λͱ͍ͬͯΔϓϨΠϠʔͷਓޱͰද͞Εɼঢ়ଶۭؒ͸
{0, 1, 2, . . . , N}ͱͳΔɽॳظ࣌఺ʢt = 0ʣʹ͓͍ͯɼશһ͕ઓུ LB Λͱ͍ͬͯΔ
ूஂʹɼผͷઓུ LA ͷϓϨΠϠʔ͕ಥવมҟͰ 1ਓग़ݱ͢ΔͱԾఆ͢Δɽ·ͣɼϥ
ϯμϜϚονϯάʹΑΓɼͦͷظͷ֤ઓུͷظ଴རಘʢదԠ౓ʣ͕ఆ·Δɽଓ͚ͯϓ
ϨΠϠʔ͕ 1ਓɼूஂ͔Βநग़͞Εɼ࣍ظʢt = 1ʣʹͦͷϓϨΠϠʔͱಉ͡ઓུͷ
ϓϨΠϠʔ͕ 1ਓɼूஂʹ௥Ճ͞ΕΔɽ͜ͷநग़͞ΕͨϓϨΠϠʔΛग़ੜϓϨΠϠʔ
*7 ͜Εʹର͠ɼϨϓϦέʔλʔಈֶͰ͸ɼूஂͷϓϨΠϠʔ਺͸ແݶͰ΋Α͍ɽ
ͱݺͿɽ͜ͷநग़ͱಉ͡ظؒ಺ʢt = 0ʣʹɼϓϨΠϠʔ͕ 1ਓɼूஂ͔Βநग़͞Ε
ͯɼ࣍ظʢt = 1ʣʹͦͷϓϨΠϠʔ͸ࢮ๢͢Δɽ͜ͷϓϨΠϠʔΛࢮ๢ϓϨΠϠʔͱ
ݺͿɽग़ੜϓϨΠϠʔͱࢮ๢ϓϨΠϠʔ͸ॏෳͯ͠΋Α͍ɽͲͷظ΋ϓϨΠϠʔूஂ
ͷਓޱ͸ N ͰҰఆͱͳΔ͜ͱʹ஫ҙ͞Ε͍ͨɽ
֤ઓུͷϓϨΠϠʔ͕ग़ੜϓϨΠϠʔͱͯ͠நग़͞ΕΔ֬཰͕ɼͦͷظͷ֤ઓུͷ
ظ଴རಘʹґଘ͢ΔϞσϧΛස౓ґଘͷग़ੜࢮ๢աఔʢNowak et al., 2004ʣͱݺͿɽ
͜ΕΒநग़֬཰͕ɼͦͷظͷظ଴རಘʹґଘͤͣɼ·ͬͨ͘ϥϯμϜʹநग़͞ΕΔग़
ੜࢮ๢աఔΛதཱతුಈͱݺͿɽ
શһ͕ LB Λͱ͍ͬͯΔूஂʹɼॳظ࣌఺Ͱઓུ LA ͕ಥવมҟͰ৵ೖ͠ɼ্ͷස
౓ґଘͷग़ੜࢮ๢աఔΛܦͯશһ͕ LA ͱͳΔ֬཰Λɼ͜ͷաఔͷԼͰͷઓུ LA ͷ
ݻఆ֬཰ʢfixation probabilityʣͱݺͼ ρLA ͱॻ͘ɽதཱతුಈͷ৔߹͸ɼͲͷϓϨ
ΠϠʔͷઓུ΋ͦͷݻఆ֬཰͸ 1N Ͱ͋Δ͜ͱ͕஌ΒΕ͍ͯΔɽ্Ͱड़΂ͨස౓ґଘ
ͷग़ੜࢮ๢աఔʹ͓͚Δநग़֬཰ʹ͍ͭͯɼήʔϜͷظ଴རಘʹґଘ͢Δఔ౓͕ɼඇ
ৗʹখ͍͞৔߹ͷ ρLA ʹզʑ͸ؔ৺ΛߜΔɽͦͷ৔߹ͷݻఆ֬཰ʹ͍ͭͯ ρLA > 1N
Ͱ͋Δͱ͖ɼઓུ LA ͸͜ͷ౫ଡϓϩηεʹ͓͍ͯ༗རͰ͋Δͱݴ͏ɽಉ༷ʹɼશһ
͕ LA Λͱ͍ͬͯΔूஂʹɼॳظ࣌఺Ͱઓུ LB ͕ಥવมҟͰ৵ೖ͠ɼ্ͷස౓ґଘ
దԠ౓ͷग़ੜࢮ๢աఔΛܦͯશһ͕ LB ͱͳΔ֬཰Λɼ͜ͷաఔͷԼͰͷઓུ LB ͷ
ݻఆ֬཰ͱݺͼ ρLB ͱॻ͘ɽݻఆ֬཰ʹ͍ͭͯ ρLB > 1N Ͱ͋Δͱ͖ɼઓུ LB ͸͜
ͷ౫ଡϓϩηεʹ͓͍ͯ༗རͰ͋Δͱݴ͏ɽ͜ͷස౓ґଘͷग़ੜࢮ๢աఔΛදݱ͢Δ
ਪҠߦྻͷఆ͓ٛΑͼɼ֤ઓུ͕༗རʹͳΔ͜ͱͱඞཁे෼ͳ৚݅ࣜͱͦͷಋग़ํ๏
ʹ͍ͭͯ͸ɼຊ࿦จͷ෇࿥Λࢀর͞Ε͍ͨɽ
4.1 P͕θϩྻΛ΋ͭ NSSͲ͏͠ͷϚονϯά
P△2×3 ×Q△3×2 ͷ NSSʹ஫໨͢ΔݶΓʹ͓͍ͯɼิ୊ 2ͱิ୊ 3ΑΓɼP ͕ 1ͭͷ
θϩྻΛ΋ͭέʔεͷΈΛௐ΂Ε͹Α͍ɽͦͷ֤έʔεΛ L1ɼL2ɼL3ɼL4 ͱ͓͘:
L1 = (P1, Q1)=

(
0 0 1
0 1 0
)
ɼ

x 1− x
0 1
1 0

����� x ∈ [0, 1]

L2 = (P2, Q2)=

(
0 0 1
0 1 0
)
ɼ

x′ 1− x′
0 1
1 0

����� x′ ∈ [0, 1], x′ ̸= x

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L1 L3
L1 2 1− y
L3 x 2
ද 1 L1vsL3
L1 L4
L1 2 1 + z
L4 1 + x 2
ද 2 L1vsL4
L3 = (P3, Q3)=

(
1 0 0
0 0 1
)
ɼ

1 0
y 1− y
0 1

����� y ∈ [0, 1]

L4 = (P4, Q4)=

(
1 0 0
0 1 0
)
ɼ

1 0
0 1
z 1− z

����� z ∈ [0, 1]

(1) L1vsL2 ɹ pi(P1, Q1) = pi(P2, Q2) = 2ɼpi(P1, Q2) = pi(P2, Q1) = 2ɽ෇࿥ͷࣜ
(1)ΑΓɼ౫ଡ͕ L1 ʹͱͬͯ༗རʹಇ͘৚݅͸ a+ 2bʼ c+ 2d ⇐⇒ 6ʼ 6 ʢ T:ໃ
६ɽҎޙɼ͜ͷه߸Λ༻͍Δ)ɽ෇࿥ͷࣜ (2)ΑΓɼ౫ଡ͕ L2 ʹͱͬͯ༗རʹಇ͘৚
݅͸ɼ2c+ dʼ 2a+ b⇐⇒ 6ʼ 6 ( T)ɽ͕ͨͬͯ͠ɼL1 ͱ L2 ͸͍ͣΕ΋౫ଡʹ͓
͍ͯ༗རͰ͸ͳ͍ɽ
(2) L1vsL3 ɹ pi(P1, Q3) = 1 − yɼpi(P2, Q1) = xɽ͜ͷήʔϜͷརಘΛද 1 ʹࣔ
͢ɽ౫ଡ͕ L1 ʹͱͬͯ༗རʹಇ͘৚݅͸ɼ෇࿥ͷࣜ (1)ΑΓɼa+ 2bʼ c+ 2d⇐⇒
2 + 2(1− y)ʼ x+ 2 · 2⇐⇒ y ʻ− 12xɽx, y ∈ [0, 1] (
T
)ɽҰํɼ౫ଡ͕ L3 ʹͱͬ
ͯ༗རʹಇ͘ͷ͸ɼ෇࿥ͷࣜ (2)ΑΓɼ2c+ dʼ 2a+ b⇐⇒ y ʼ 3− 2xɽx, y ∈ [0
ɼ1] ( T)ɽ͕ͨͬͯ͠ɼL1 ͱ L3 ͸͍ͣΕ΋౫ଡʹ͓͍ͯ༗རͱ͸ݴ͑ͳ͍ɽ
(3) L1vsL4 ɹ͜ͷήʔϜͷརಘ͸ද 2ͱͳΔɽද 2ͱ෇࿥ͷࣜ (1)ΑΓɼ౫ଡ͕ L1
ʹ༗རʹಇ͘৚݅͸ɼ2 + 2(1 + zʣʼ 1 + x+ 2 · 2⇐⇒ z ʼ 12 (1 + x)ɽL1 ͕ L4 ʹ
ର͠ɼ౫ଡʹ͓͍ͯ༗རʹͳΔཧ༝͸ɼP1 ͱ Q4 ͕Ϛονϯάͨ͠ͱ͖ɼP1 ͷ 3ྻ
͕ z Λ༗ޮʹར༻͢ΔͨΊͰ͋Δɽද 2ͱ෇࿥ͷࣜ (2)ΑΓɼ౫ଡ͕ L4 ʹͱͬͯ༗
རʹಇ͘ͷ͸ɼz ʻ 2x− 1ɽL4 ͕ L1 ʹݻఆ͞ΕΔཧ༝͸ɼP4 ͱ Q1 ͕Ϛονϯά
ͨ͠ͱ͖ɼP4 ͷ 1ྻ͕ xΛ༗ޮʹར༻͢ΔͨΊͰ͋Δɽਤ 2ͷӨͷྖҬ͸ɼ֤ઓུ
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L1 L3
L1 2 1− y
L3 x 2
ද 1 L1vsL3
L1 L4
L1 2 1 + z
L4 1 + x 2
ද 2 L1vsL4
L3 = (P3, Q3)=

(
1 0 0
0 0 1
)
ɼ

1 0
y 1− y
0 1

����� y ∈ [0, 1]

L4 = (P4, Q4)=

(
1 0 0
0 1 0
)
ɼ

1 0
0 1
z 1− z

����� z ∈ [0, 1]

(1) L1vsL2 ɹ pi(P1, Q1) = pi(P2, Q2) = 2ɼpi(P1, Q2) = pi(P2, Q1) = 2ɽ෇࿥ͷࣜ
(1)ΑΓɼ౫ଡ͕ L1 ʹͱͬͯ༗རʹಇ͘৚݅͸ a+ 2bʼ c+ 2d ⇐⇒ 6ʼ 6 ʢ T:ໃ
६ɽҎޙɼ͜ͷه߸Λ༻͍Δ)ɽ෇࿥ͷࣜ (2)ΑΓɼ౫ଡ͕ L2 ʹͱͬͯ༗རʹಇ͘৚
݅͸ɼ2c+ dʼ 2a+ b⇐⇒ 6ʼ 6 ( T)ɽ͕ͨͬͯ͠ɼL1 ͱ L2 ͸͍ͣΕ΋౫ଡʹ͓
͍ͯ༗རͰ͸ͳ͍ɽ
(2) L1vsL3 ɹ pi(P1, Q3) = 1 − yɼpi(P2, Q1) = xɽ͜ͷήʔϜͷརಘΛද 1 ʹࣔ
͢ɽ౫ଡ͕ L1 ʹͱͬͯ༗རʹಇ͘৚݅͸ɼ෇࿥ͷࣜ (1)ΑΓɼa+ 2bʼ c+ 2d⇐⇒
2 + 2(1− y)ʼ x+ 2 · 2⇐⇒ y ʻ− 12xɽx, y ∈ [0, 1] (
T
)ɽҰํɼ౫ଡ͕ L3 ʹͱͬ
ͯ༗རʹಇ͘ͷ͸ɼ෇࿥ͷࣜ (2)ΑΓɼ2c+ dʼ 2a+ b⇐⇒ y ʼ 3− 2xɽx, y ∈ [0
ɼ1] ( T)ɽ͕ͨͬͯ͠ɼL1 ͱ L3 ͸͍ͣΕ΋౫ଡʹ͓͍ͯ༗རͱ͸ݴ͑ͳ͍ɽ
(3) L1vsL4 ɹ͜ͷήʔϜͷརಘ͸ද 2ͱͳΔɽද 2ͱ෇࿥ͷࣜ (1)ΑΓɼ౫ଡ͕ L1
ʹ༗རʹಇ͘৚݅͸ɼ2 + 2(1 + zʣʼ 1 + x+ 2 · 2⇐⇒ z ʼ 12 (1 + x)ɽL1 ͕ L4 ʹ
ର͠ɼ౫ଡʹ͓͍ͯ༗རʹͳΔཧ༝͸ɼP1 ͱ Q4 ͕Ϛονϯάͨ͠ͱ͖ɼP1 ͷ 3ྻ
͕ z Λ༗ޮʹར༻͢ΔͨΊͰ͋Δɽද 2ͱ෇࿥ͷࣜ (2)ΑΓɼ౫ଡ͕ L4 ʹͱͬͯ༗
རʹಇ͘ͷ͸ɼz ʻ 2x− 1ɽL4 ͕ L1 ʹݻఆ͞ΕΔཧ༝͸ɼP4 ͱ Q1 ͕Ϛονϯά
ͨ͠ͱ͖ɼP4 ͷ 1ྻ͕ xΛ༗ޮʹར༻͢ΔͨΊͰ͋Δɽਤ 2ͷӨͷྖҬ͸ɼ֤ઓུ
ਤ 2 ࠨ্ͷӨͷྖҬͰ L1 ͕༗རɽӈԼͷӨͷྖҬͰ L4 ͕༗རɽ
L3 L4
L3 2 2− z
L4 2− y 2
ද 3 L3vsL4
͕༗རͱͳΔͱ͜ΖΛද͢ɽ2x− 1ʻ z ʻ 12 (1 + x)ͷൣғͰ͸ɼL1 ͱ L4 ͸͍ͣΕ
΋༗རͱ͸ݴ͑ͳ͍ɽ
(4) L3vsL4 ɹ͜ͷήʔϜͷརಘදΛද 3ʹࣔ͢ɽද 4ͱ෇࿥ͷࣜ (1)ΑΓɼ౫ଡ͕
L3 ʹ༗རʹಇ͘৚݅͸ɼy ʼ 2z Ͱ͋Δɽ·ͨ෇࿥ͷࣜ (2)ΑΓɼ౫ଡ͕ L4 ʹͱͬ
ͯ༗རʹಇ͘৚݅͸ɼy ʻ12z Ͱ͋Δɽ 12z ʻ y ʻ 2z ͷൣғͰ͸ɼL3 ͱ L4 ͸౫ଡʹ
͓͍ͯ༗རͰ͋Δͱ΋ෆརͰ͋Δͱ΋ݴ͑ͳ͍ɽ
4.2 P͕θϩྻΛ΋ͨͳ͍ NSSͱ΋ͭ NSSͷϚονϯά
P͕θϩྻΛ΋ͨͳ͍ NSS͸਺ଟ͘ଘࡏ͢Δɽྫͱͯ͠ɼθϩྻΛ΋ͨͳ͍ઓུ
Λ L5 ͱ͢Δ:
L5 = (P5, Q5)=

(
1 0 0
0 w 1− w
)
ɼ

1 0
0 1
0 1

����� w ∈ (0, 1ʣ

L3vsL5 ɹ L3 ͱ L5 ͷϚονϯάʹΑΔརಘΛද 4ʹࣔ͢ɽ౫ଡ͕ L3 ʹͱͬͯ༗ར
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L3 L5
L3 2 2
L5 2− wy 2
ද 4 L3vsL5
ʹಇ͘৚݅͸෇࿥ͷࣜ (1)͔Βɼwy ʼ 0ɽw ∈ (0, 1)ɼy ∈ [0, 1]ΑΓɼy ̸= 0ͷݶΓ
ʹ͓͍ͯɼL3 ͸ L5 ΑΓ༗རͱͳΔɽҰํɼ౫ଡ͕ L5 ʹͱͬͯ༗རʹಇ͘৚݅͸෇
࿥ͷࣜ (2)͔Βɼwy ʻ 0ɽw ∈ (0, 1)ɼy ∈ [0, 1] ʢ T)ɽΑͬͯ L5 ͕ L3 ʹରͯ͠ɼ
౫ଡͰ༗རͱ͸ݴ͑ͳ͍ɽ
Ҏ্ͷྫࣔʹΑΓɼຊઅͰ͸࣍ͷ 2ͭͷ݁ՌΛಘΔɽθϩྻΛ΋ͨͳ͍ NSSͲ͏
͕͠Ϛονϯά͢Δ৔߹ɼ͍ͣΕͷઓུ΋༗རʹ΋ෆརʹ΋ͳΒͳ͍৔߹͕͋Δɽ·
ͨθϩྻΛ΋ͨͳ͍ NSSͱθϩྻΛ΋ͭ NSS͕Ϛονϯά͢Δ৔߹ɼ΋ͨͳ͍ NSS
ͷΈ͕౫ଡʹ͓͍ͯ༗རʹͳΔ৔߹͕͋Δɽͭ·Γɼ౫ଡʹ͍ͭͯग़ੜࢮ๢աఔΛ૝
ఆ͢Δͱɼ͋ ͍·͍ͳه߸Λ΋ͨͳ͍ઓུ͸ɼ΋ͭઓུΑΓ΋༗རʹͳΔ͜ͱ͕͋Δɽ
5 σΟεΧογϣϯ
ࣄ৅਺ͱϝοηʔδ਺͕౳͍͠ͱ͍͏ݶఆతͳঢ়گΛআ͚͹ɼSRήʔϜʹ ESS͸
ͳ͍ɽPawlowitschʢ2008ʣ͸ɼNSSͷ׬શͳಛ௃͚ͮʹ੒ޭ͍ͯ͠Δɽ͔͠͠ɼͦ
Εͱಉ࣌ʹ NSSʹ͸༷ʑͳύλʔϯ͕͋Δ͜ͱΛ໌Β͔ʹͨ͠ͱ΋ݴ͑ΔɽͦΕʹ
͸ɼૹΓख͕֬཰తʹϝοηʔδΛࠞͥͨΓɼड͚ख͕֬཰తʹϝοηʔδΛࣄ৅
ͱ݁ͼ͚ͭΔ NSS͕͋ΔɽૹΓख͕ར༻ՄೳͳϝοηʔδΛ͋͑ͯ࢖༻͠ͳ͔ͬͨ
ΓɼͲΜͳϝοηʔδΛड͚औͬͯ΋ड͚ख͕͋Δࣄ৅Λೝࣝ͠ͳ͔ͬͨΓ͢Δ NSS
΋͋Δɽͦ͜Ͱຊ࿦จͰ͸ NSSΛϦΞϓϊϑ҆ఆͰ͋Δͱ·Ͱ͔͠ݴ͑ͳ͍ϨϓϦ
έʔλʔಈֶʹݟ੾ΓΛ͚ͭɼࣗવ౫ଡϞσϧͷଞͷબ୒ಈֶʹΑͬͯɼNSSͷ͏ͪ
ͰͲͷΑ͏ͳઓུ͕બ୒͞Εͯ͘Δͷ͔Λݕ౼ͨ͠ɽ
౫ଡɾಥવมҟಈֶͰ͸ɼಥવมҟ͕Ͳͷظʹ΋ൃੜ͢Δͱ૝ఆ͢Δɽ͜ͷಥવม
ҟ͕͋Δ͜ͱʹΑͬͯɼNSS ͷதʹదԠಈֶͷ઴ۙ҆ఆ఺͕ݟग़͞ΕΔɽ௚ײతʹ
͸ɼಥવมҟͷ֬཰ʹґଘͯ͠ɼ֤ઓུ͔Βͷྲྀग़ͱ֤ઓུ΁ͷྲྀೖ͕ͪΐ͏Ͳόϥ
ϯεΛͱΔ NSS͕બ͹Εͯ͘Δͱߟ͑ΒΕΔɽҰൠͷίϛϡχέʔγϣϯɾγες
Ϝʹ͓͍ͯɼͦ͜ʹ ESS͕ͳ͍৔߹ʹ͸ɼখ͞ͳ֬཰Ͱൃੜ͠ଓ͚Δಥવมҟͷଘ
ࡏ͕ͦ͜ɼ֬཰తͳίϛϡχέʔγϣϯͷ҆ఆੑΛΏΔ͗ͳ͍΋ͷʹ͍ͯ͠ΔՄೳੑ
Λɼຊ࿦จ͸͍ࣔࠦͯ͠Δɽ
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L3 L5
L3 2 2
L5 2− wy 2
ද 4 L3vsL5
ʹಇ͘৚݅͸෇࿥ͷࣜ (1)͔Βɼwy ʼ 0ɽw ∈ (0, 1)ɼy ∈ [0, 1]ΑΓɼy ̸= 0ͷݶΓ
ʹ͓͍ͯɼL3 ͸ L5 ΑΓ༗རͱͳΔɽҰํɼ౫ଡ͕ L5 ʹͱͬͯ༗རʹಇ͘৚݅͸෇
࿥ͷࣜ (2)͔Βɼwy ʻ 0ɽw ∈ (0, 1)ɼy ∈ [0, 1] ʢ T)ɽΑͬͯ L5 ͕ L3 ʹରͯ͠ɼ
౫ଡͰ༗རͱ͸ݴ͑ͳ͍ɽ
Ҏ্ͷྫࣔʹΑΓɼຊઅͰ͸࣍ͷ 2ͭͷ݁ՌΛಘΔɽθϩྻΛ΋ͨͳ͍ NSSͲ͏
͕͠Ϛονϯά͢Δ৔߹ɼ͍ͣΕͷઓུ΋༗རʹ΋ෆརʹ΋ͳΒͳ͍৔߹͕͋Δɽ·
ͨθϩྻΛ΋ͨͳ͍ NSSͱθϩྻΛ΋ͭ NSS͕Ϛονϯά͢Δ৔߹ɼ΋ͨͳ͍ NSS
ͷΈ͕౫ଡʹ͓͍ͯ༗རʹͳΔ৔߹͕͋Δɽͭ·Γɼ౫ଡʹ͍ͭͯग़ੜࢮ๢աఔΛ૝
ఆ͢Δͱɼ͋ ͍·͍ͳه߸Λ΋ͨͳ͍ઓུ͸ɼ΋ͭઓུΑΓ΋༗རʹͳΔ͜ͱ͕͋Δɽ
5 σΟεΧογϣϯ
ࣄ৅਺ͱϝοηʔδ਺͕౳͍͠ͱ͍͏ݶఆతͳঢ়گΛআ͚͹ɼSRήʔϜʹ ESS͸
ͳ͍ɽPawlowitschʢ2008ʣ͸ɼNSSͷ׬શͳಛ௃͚ͮʹ੒ޭ͍ͯ͠Δɽ͔͠͠ɼͦ
Εͱಉ࣌ʹ NSSʹ͸༷ʑͳύλʔϯ͕͋Δ͜ͱΛ໌Β͔ʹͨ͠ͱ΋ݴ͑ΔɽͦΕʹ
͸ɼૹΓख͕֬཰తʹϝοηʔδΛࠞͥͨΓɼड͚ख͕֬཰తʹϝοηʔδΛࣄ৅
ͱ݁ͼ͚ͭΔ NSS͕͋ΔɽૹΓख͕ར༻ՄೳͳϝοηʔδΛ͋͑ͯ࢖༻͠ͳ͔ͬͨ
ΓɼͲΜͳϝοηʔδΛड͚औͬͯ΋ड͚ख͕͋Δࣄ৅Λೝࣝ͠ͳ͔ͬͨΓ͢Δ NSS
΋͋Δɽͦ͜Ͱຊ࿦จͰ͸ NSSΛϦΞϓϊϑ҆ఆͰ͋Δͱ·Ͱ͔͠ݴ͑ͳ͍ϨϓϦ
έʔλʔಈֶʹݟ੾ΓΛ͚ͭɼࣗવ౫ଡϞσϧͷଞͷબ୒ಈֶʹΑͬͯɼNSSͷ͏ͪ
ͰͲͷΑ͏ͳઓུ͕બ୒͞Εͯ͘Δͷ͔Λݕ౼ͨ͠ɽ
౫ଡɾಥવมҟಈֶͰ͸ɼಥવมҟ͕Ͳͷظʹ΋ൃੜ͢Δͱ૝ఆ͢Δɽ͜ͷಥવม
ҟ͕͋Δ͜ͱʹΑͬͯɼNSS ͷதʹదԠಈֶͷ઴ۙ҆ఆ఺͕ݟग़͞ΕΔɽ௚ײతʹ
͸ɼಥવมҟͷ֬཰ʹґଘͯ͠ɼ֤ઓུ͔Βͷྲྀग़ͱ֤ઓུ΁ͷྲྀೖ͕ͪΐ͏Ͳόϥ
ϯεΛͱΔ NSS͕બ͹Εͯ͘Δͱߟ͑ΒΕΔɽҰൠͷίϛϡχέʔγϣϯɾγες
Ϝʹ͓͍ͯɼͦ͜ʹ ESS͕ͳ͍৔߹ʹ͸ɼখ͞ͳ֬཰Ͱൃੜ͠ଓ͚Δಥવมҟͷଘ
ࡏ͕ͦ͜ɼ֬཰తͳίϛϡχέʔγϣϯͷ҆ఆੑΛΏΔ͗ͳ͍΋ͷʹ͍ͯ͠ΔՄೳੑ
Λɼຊ࿦จ͸͍ࣔࠦͯ͠Δɽ
·ͨग़ੜࢮ๢աఔͷ౫ଡϓϩηεͰ͸ɼ2ࣄ৅ɾ3ϝοηʔδͷ৔߹ɼར༻Մೳͳ
ϝοηʔδͷҰ෦Λ࢖༻͠ͳ͍ NSSʢP ͕θϩྻΛ࣋ͭ NSSʣ͕ ɼ͢ ΂ͯͷϝοηʔ
δΛ֬཰తʹࠞͥΔ NSS ΑΓ΋ɼ༗རʹͳΔ৔߹͕͋Δ͜ͱ΋൑໌ͨ͠ɽ͜Ε͸ɼ
ଟ͘ͷར༻Մೳͳϝοηʔδ΍ͦΕΛൃ͢Δػೳ͕ݸମʹඋΘ͍ͬͯͯ΋ɼ఻͑Δ΂
͖ࣄ৅਺͕গͳ͘ݶΒΕ͍ͯΕ͹ɼ࢖ΘΕΔϝοηʔδͷछྨ͕ࣾձͰݮগ͍ͯ͘͠
͜ͱΛࣔࠦ͢Δɽզʑ͕ݕ౼ͨ͠ 2ࣄ৅ɾ3ϝοηʔδͱ͍͏ϞσϧͰݴ͏ͳΒ͹ɼ
௕ظతʹ͸ɼ2ࣄ৅ɾ2ϝοηʔδͷίϛϡχέʔγϣϯɾγεςϜͷࣾձʹҠߦ͠ɼ
࠷ऴతʹ͸टඌΑ͘ ESSͰམͪண͘ͱ͍͏ετʔϦʔ͕ු͔Ϳɽ
͜Εͱରরతͳྫ͕࣍Ͱ͋ΔɽθϩྻΛ΋ͭ NSSͱθϩྻΛ΋ͨͳ͍ NSSͷϚο
νϯάྫͱͯ͠ɼ࣍ͷ L6 ର L7 Λߟ͑Δɽ
L6 = (P6, Q6)=


a 1− a 0
b 1− b 0
0 0 1
ɼ

1 0 0
1 0 0
0 0 1
 |a, b ∈ (0, 1ʣ
 ,
L7 = (P7, Q7)=


α 1− α 0
0 0 1
0 0 1
ɼ

1 0 0
1 0 0
0 β 1− β
 |α, β ∈ (0, 1ʣ
 .
ୈ 4અͷස౓ґଘͷग़ੜࢮ๢աఔͰɼL6 ͸౫ଡʹ͓͍ͯ༗རͱ͸ݴ͑ͣɼL7 ͸౫ଡ
ʹ͓͍ͯ༗རͰ͋Δ͜ͱ͕֬ೝͰ͖Δɽ͜͜Ͱ͸ࣄ৅ͱϝοηʔδͷ਺͕Ұக͍ͯ͠
Δɽͦͯ͠ 2ࣄ৅ɾ3ϝοηʔδͷ৔߹ͱ͸ٯʹɼθϩྻΛ࣋ͭઓུ͕બ୒͞Εʹ͘
͍ͷͰ͋Δɽࣄ৅਺ͱϝοηʔδ਺͕ҟͳΔͱ͖ɼ࢖ΘΕͳ͍ϝοηʔδ΍ࣄ৅͕͋
Δ΄͏͕༗རͰ͋Γɼ͜ΕΒͷ਺͕౳͍͠ͱ͖͸ɼ͢΂ͯͷϝοηʔδ͕࢖ΘΕɼ͢
΂ͯͷࣄ৅͕ೝࣝ͞ΕΔ ESSʹࣅͨ΄͏͕༗རͳͷͰ͋Δɽ͕ͨͬͯ͠௕ظతʹ͸ɼ
ήʔϜͷߏ଄ࣗମ͕มԽ͠ࣄ৅਺ͱϝοηʔδ਺͕౳͘͠ͳ͍ͬͯ͘ίϛϡχέʔ
γϣϯɾγεςϜͷมԽ͕૝ى͞ΕΑ͏ɽ͜Ε͸ݫີͳϞσϧ෼ੳͰ͸ͳ͘ɼ·ͩ 1
ͭͷ୯ͳΔετʔϦʔʹա͗ͳ͍ɽ͔͠͠ɼSRήʔϜͷߏ଄ࣗମ͕࣌ؒΛ௨ͯ͡಺
ੜԽ͞Ε͍ͯ͘ϞσϧߏஙͷඞཁੑΛզʑ͸ຊ࿦จͷݕ౼݁Ռ͔Βڧ͘ײ͍ͯ͡Δɽ
ͦͷͨΊʹϞσϧʹ૊ΈࠐΉ΂͖΋ͷ͸ɼ๛෋ա͗Δϝοηʔδͷҡ࣋ίετ΍ɼෳ
ࡶͳࣄ৅ʹର͢ΔೝࣝίετͷΑ͏ͳ΋ͷ͔΋͠Εͳ͍ɽ
෇ ࿥ɹ
ස౓ґଘͷग़ੜࢮ๢աఔΛද͢ਪҠ֬཰ߦྻͷಋग़
ઓུ LA ͱઓུ LB ͕Ϛονϯάͨ͠ͱ͖ͷརಘΛ࣍ͷදͰද͢ɽ
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LA LB
LA a b
LB c d
N ਓ͔ΒͳΔϓϨΠϠʔूஂͰઓུ LA Λͱ͍ͬͯΔਓ਺Λ iਓͱ͢Δɽ֬཰աఔ
ͷঢ়ଶۭؒ͸͜ͷਓ਺ iͰ͋Δɽঢ়ଶ iʹ͓͚Δઓུ LA ͷظ଴རಘɼઓུ LB ͷظ
଴རಘ͸ɼͦΕͧΕ Fi = (i−1)a+(N−i)bN−1 , Gi =
ic+(N−i−1)d
N−1 Ͱ͋Δɽ
ω ∈ [0, 1]Λɼ͜ͷظ଴རಘ͕౫ଡͷదԠ౓ʹ༩͑ΔӨڹ౓Λද͢ύϥϝʔλʔͱ
͢Δɽঢ়ଶ iʹ͓͚Δ֤ઓུ LA, LB ͷదԠ౓͸ɼͦΕͧΕ fi = 1− ω + ωFi, gi =
1− ω + ωGi ͱͳΔɽ
ग़ੜࢮ๢աఔͷ֤ظʹ͓͍ͯɼ֤ϓϨΠϠʔ͕ग़ੜϓϨΠϠʔɼࢮ๢ϓϨΠϠʔ
ͱͯ͠நग़͞ΕΔ֬཰͕ɼ͜ΕΒͷదԠ౓ʹґଘ͢Δͱߟ͑Δɽঢ়ଶ i ͔Βঢ়ଶ
i + 1 ʹҠΔਪҠ֬཰͸ pi,i+1 = ififi+(N−i)gi × N−iN ͱͳΔɽঢ়ଶ i ͔Βঢ়ଶ i − 1
ʹҠΔਪҠ֬཰͸ pi,i−1 = (N−i)giifi+(N−i)gi × iN ͱͳΔɽಉ͡ঢ়ଶ i ʹཹ·Δ֬཰͸
pii = 1− pi,i+1 − pi,i−1 Ͱ͋ΔɽଞͷਪҠ֬཰͸͢΂ͯ 0Ͱ͋ΔɽҎ্ʹΑΓɼස౓
ґଘͷग़ੜࢮ๢աఔΛද͢ (N + 1)× (N + 1)ਪҠ֬཰ߦྻΛಘΔɽ
౫ଡͰ༗རͱͳΔ৚݅ͷಋग़
͜ͷ֬཰աఔͷٵऩঢ়ଶ͸ঢ়ଶ 0ͱঢ়ଶ N Ͱ͋Δɽঢ়ଶ 1͔Βελʔτ͠ɼٵऩ
ঢ়ଶN ʹࢸΔ֬཰Λ ρA ͱॻ͖ɼ͜ΕΛઓུ LB ूஂʹ͓͚Δઓུ LA ͷݻఆ֬཰ͱ
ݺͿɽρA = 1
1+
∑N−1
j=1 Π
j
i=1
1−ω+ωGi
1−ω+ωFi
Ͱ͋Γɼ·ͨதཱతුಈʹ͓͍ͯ͸ɼ͍ͣΕͷઓ
ུ΋ͦͷݻఆ֬཰͸ 1N Ͱ͋Δɽݻఆ֬཰ͷಋग़ํ๏͸ Nowakʢ2008ʣΛࢀর͞Ε
͍ͨɽ
ω ͕ඇৗʹখ͍͞ऑ͍౫ଡѹʹ΋͔͔ΘΒͣɼͦͷ৔߹ͷݻఆ֬཰ ρA ͕ɼதཱత
ුಈͷݻఆ֬཰ 1N ΑΓେ͖͘ͳΔ৚݅Λߟ͑Δɽͦ͜Ͱ·ͣɼρA ͷ ω →0 ͷͱ͖
ͷςʔϥʔ (1࣍)ۙࣅΛٻΊΔɽρA ͷ෼฼Λ f(ω) = 1 +
∑N−1
j=1 Π
j
i=1
1−ω+ωGi
1−ω+ωFi ͱ
͓͚͹ɼρA ≈ 1f(0)+ωf ′(0) ͰಘΒΕΔɽ
f(0) = 1 + 1 + 1 · 1 + . . .+ 1 · 1 · · · 1� �� �
N−1 ݸ
= N Ͱ͋Δɽ·ͨ
f ′(ω) = G1−F1(1−ω+ωF1)2 +
G1−F1
(1−ω+ωF1)2
1−ω+ωG2
(1−ω+ωF2) +
G2−F2
(1−ω+ωF2)2
1−ω+ωG1
(1−ω+ωF1) + · · ·+
GN−1−FN−1
(1−ω+ωFN−1)2 . . .
1−ω+ωG1
(1−ω+ωF1)
Ͱ͋Δ͔Βɼωf ′(0) = −ω{(N − 1)(F1−G1ʣ+ (N − 2)(F2−G2ʣ+ . . .+ (FN−1−
GN−1)}
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LA LB
LA a b
LB c d
N ਓ͔ΒͳΔϓϨΠϠʔूஂͰઓུ LA Λͱ͍ͬͯΔਓ਺Λ iਓͱ͢Δɽ֬཰աఔ
ͷঢ়ଶۭؒ͸͜ͷਓ਺ iͰ͋Δɽঢ়ଶ iʹ͓͚Δઓུ LA ͷظ଴རಘɼઓུ LB ͷظ
଴རಘ͸ɼͦΕͧΕ Fi = (i−1)a+(N−i)bN−1 , Gi =
ic+(N−i−1)d
N−1 Ͱ͋Δɽ
ω ∈ [0, 1]Λɼ͜ͷظ଴རಘ͕౫ଡͷదԠ౓ʹ༩͑ΔӨڹ౓Λද͢ύϥϝʔλʔͱ
͢Δɽঢ়ଶ iʹ͓͚Δ֤ઓུ LA, LB ͷదԠ౓͸ɼͦΕͧΕ fi = 1− ω + ωFi, gi =
1− ω + ωGi ͱͳΔɽ
ग़ੜࢮ๢աఔͷ֤ظʹ͓͍ͯɼ֤ϓϨΠϠʔ͕ग़ੜϓϨΠϠʔɼࢮ๢ϓϨΠϠʔ
ͱͯ͠நग़͞ΕΔ֬཰͕ɼ͜ΕΒͷదԠ౓ʹґଘ͢Δͱߟ͑Δɽঢ়ଶ i ͔Βঢ়ଶ
i + 1 ʹҠΔਪҠ֬཰͸ pi,i+1 = ififi+(N−i)gi × N−iN ͱͳΔɽঢ়ଶ i ͔Βঢ়ଶ i − 1
ʹҠΔਪҠ֬཰͸ pi,i−1 = (N−i)giifi+(N−i)gi × iN ͱͳΔɽಉ͡ঢ়ଶ i ʹཹ·Δ֬཰͸
pii = 1− pi,i+1 − pi,i−1 Ͱ͋ΔɽଞͷਪҠ֬཰͸͢΂ͯ 0Ͱ͋ΔɽҎ্ʹΑΓɼස౓
ґଘͷग़ੜࢮ๢աఔΛද͢ (N + 1)× (N + 1)ਪҠ֬཰ߦྻΛಘΔɽ
౫ଡͰ༗རͱͳΔ৚݅ͷಋग़
͜ͷ֬཰աఔͷٵऩঢ়ଶ͸ঢ়ଶ 0ͱঢ়ଶ N Ͱ͋Δɽঢ়ଶ 1͔Βελʔτ͠ɼٵऩ
ঢ়ଶN ʹࢸΔ֬཰Λ ρA ͱॻ͖ɼ͜ΕΛઓུ LB ूஂʹ͓͚Δઓུ LA ͷݻఆ֬཰ͱ
ݺͿɽρA = 1
1+
∑N−1
j=1 Π
j
i=1
1−ω+ωGi
1−ω+ωFi
Ͱ͋Γɼ·ͨதཱతුಈʹ͓͍ͯ͸ɼ͍ͣΕͷઓ
ུ΋ͦͷݻఆ֬཰͸ 1N Ͱ͋Δɽݻఆ֬཰ͷಋग़ํ๏͸ Nowakʢ2008ʣΛࢀর͞Ε
͍ͨɽ
ω ͕ඇৗʹখ͍͞ऑ͍౫ଡѹʹ΋͔͔ΘΒͣɼͦͷ৔߹ͷݻఆ֬཰ ρA ͕ɼதཱత
ුಈͷݻఆ֬཰ 1N ΑΓେ͖͘ͳΔ৚݅Λߟ͑Δɽͦ͜Ͱ·ͣɼρA ͷ ω →0 ͷͱ͖
ͷςʔϥʔ (1࣍)ۙࣅΛٻΊΔɽρA ͷ෼฼Λ f(ω) = 1 +
∑N−1
j=1 Π
j
i=1
1−ω+ωGi
1−ω+ωFi ͱ
͓͚͹ɼρA ≈ 1f(0)+ωf ′(0) ͰಘΒΕΔɽ
f(0) = 1 + 1 + 1 · 1 + . . .+ 1 · 1 · · · 1� �� �
N−1 ݸ
= N Ͱ͋Δɽ·ͨ
f ′(ω) = G1−F1(1−ω+ωF1)2 +
G1−F1
(1−ω+ωF1)2
1−ω+ωG2
(1−ω+ωF2) +
G2−F2
(1−ω+ωF2)2
1−ω+ωG1
(1−ω+ωF1) + · · ·+
GN−1−FN−1
(1−ω+ωFN−1)2 . . .
1−ω+ωG1
(1−ω+ωF1)
Ͱ͋Δ͔Βɼωf ′(0) = −ω{(N − 1)(F1−G1ʣ+ (N − 2)(F2−G2ʣ+ . . .+ (FN−1−
GN−1)}
= ω
N−1∑
k=1
(N − k)(Fk −Gk)ΛಘΔɽ͜͜Ͱɼ(Fk −Gk) = (a−b−c+d)k+(b−d)N−a+dN−1
Λ୅ೖͯ͠੔ཧ͢Δͱɼωf ′(0) = − ωN−1{
N−1∑
k=1
[(a − b − c + d)Nk + (bN − dN −
a + d)N − (a − b − c + d)k2 − (bN − dN − a + d)k]} = −ω
6
{3N(a − b − c +
d) + 3(bN − dN − a + d) − (2N − 1ʣʢa − b − c + dʣ− 3(bN − dN − a + d)} =
−ωN
6
{(a+ 2b− c− 2d)N − (2a+ b+ c− 4d)}ɽ
Ҏ্͔Βɼα = (a+ 2b− c− 2d)ɼβ = (2a+ b+ c− 4d)ͱͯ͠ɼρA ͷςʔϥʔۙ
ࣅࣜ
ρA ≈ 1
N
1
1− ω6 (αN − β)
ΛಘΔɽ
͕ͨͬͯ͠ɼρAʼ 1N ⇐⇒ αN − βʼ 0⇐⇒ (N − 2)a+ (2N − 1)bʼ (N + 1)c+
(2N − 4)dɽN ͕े෼େ͖͍ͱ͖ɼ͜ͷ৚݅͸
a+ 2bʼ c+ 2d (1)
ͱͳΔɽಉ༷ͷܭࢉʹΑΓɼLB ͕౫ଡʹ͓͍ͯ༗རʹͳΔ৚݅͸ɼN ͕े෼ʹେ͖
͍ͱ͖ɼ
2c+ dʼ 2a+ b (2)
ͱͳΔɽ
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